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STOICHIOMETRY 


After completing this lesson, you This is 10 days lesson 
able to: (period including homework) 
Fe 


Understand the Given information from which any two of the following may be determined, calculate the 
theoretical yield, actual yield and percentage yield. 


Interpret a balanced chemical equation in terms of interacting moles, representative particles, masses and 
volumes of gases at STP. 


Perform stoichiometric calculations with balanced equation using moles, representative particles, masses 
and volumes of gases (at STP). 


Know the limiting reagent in a reaction, calculate the maximum amount of product (s) produced and the 
amount of any unreacted excess reagent. 


Construct mole ratios from balanced equations for use as conversion factors in stoichiometric problems. 


Calculate the theoretical yield and the percent yield from the given balanced equation, the amounts of the 
reactants and the actual yield. 


INTRODUCTION 


It is observed that a common factor for fireworks manufacturer, an engineer to design 


car engines and a chemist to manufacture a chemical plant is the amount of materials they 
need in their specific area of work. 


For examples, 
1. 


Fireworks manufacturer is required to mix calculated amounts of chemicals. A wrong 
calculated amount could result in violent explosions. 


The engineer must know the relative amounts of fuel and oxygen needed for efficient 
combustion. 


Achemist is required to use calculated amounts of reactants to produce exact amount of products. 
Such phenomenon is studied through the knowledge of Stoichiometry (Greek words 


Stoicheion means element and metry means measurement). The study of relative amounts 
of substances involved in a chemical reaction is called Stoichiometry. The amounts of 
reactants and products in a balanced chemical equation are called Stoichiometric 
Amounts. Such study is essential when quantitative information about a chemical reaction is 
required. Moreover it is important to predict yields of chemical products. 


_ Stoichiometry EXER 


1.1 MOLE 


The atomic mass, formula mass and molecular mass of a substance expressed in 
grams is called Mole. 


Examples 
One mole of O (atom) =16g One mole of O, (molecule) = 32 g 
One mole of H,O (molecule) 218g One mole of Na* (ion) 223g 


One mole of NaCl (Formula unit) = 58.5 g 


1.2 AVOGADRO'S NUMBER 


“The number of atoms, ions or molecules present in one mole of a substance is 
called Avogadro's Number". Its numerical value is 6.023x10?. One mole of any gas at 
S.T.P occupies 22.414 dm’ and contains 6.02 x 10? particles. 

eg. 2H,44 + O44, — 2H,0,) 

This reaction can also be expressed in terms of Avogadro's number. The equation 
states that 2 x 6.02 x 10? molecules of hydrogen react with 6.02 x 10? molecules of oxygen to 


produce 2 x 6.02 x 10? molecules of water. 


1.2.1 Mole Calculations 


The relationship between moles and Avogadro's number in different substances is as 
follows: 


1 mole of O-atoms = 6.02 x 10? atoms 


1 mole of O, y = 6.02 x 10? molecules 

1 mole of HO, = 6.02 x 10? molecules 

1 mole of NaCl) = 6.02 x 10? formula units 

In the case of ionic compounds, the explanation is somewhat different. 
For example, Naci —O , Nat, + Cl, 


It shows that 1 mole of NaCl when dissolves in water gives 1 mole of 
Na'* ions and 1 mole of Cl" ions.So According to Avogadro's number we can say that when 


6.02 x 10? formula units of NaCl are dissolved in water, they produce 6.02x10?? Na‘* and 
6.023x10? CI" ions. 


1.2.2 Mole ratios in Stoichiometric Calculations: 


Mole Ratios 
Mole ratio means the ratio of no. of moles of reactants taking part and the no. of 
moles of products formed. For example, combustion of propane 
C, Ha + 5044 —9 3CO44 + 4H/O, 
The mole ratios between the reactants and products can be shown as, one mole of 
C,H, reacts with five moles of oxygen to give three moles of CO, and four moles of water. 


The amount of propane used will not affect these ratios. 
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Example 1.1 
Methanol burns according to the following equation. 
2CH,OH + 30,,, —o 2CO,,. + 4H,O, 


2) 2(g) (9) 

If 3.50 moles of methanol are burnt in oxygen, calculate 
(a) | How many moles of oxygen are used? 

(b) How many moles of water are produced? 


Solution 
(a) Moles of methanol = 3.50 moles 
Moles of oxygen =? 
According to balanced chemical equation 
2 moles of CH30H = 3 moles of O2 
1 moles of CH3OH = 3/2 moles of O2 


x 
3.5 moles of CH3OH= 2 


= 5.25 moles of O, 
So the number of moles of O, consumed = 5.25 moles 
(b) No. of Moles of CH,OH 73.5 moles 
No. of Moles of H,O =? 
According to balanced chemical equation 
2 moles of CH3OH = 4 moles of H20 
1 moles of CHOH = 4/2 moles of H20 
3.50x4 
3.5 moles of CH30H = Aw moles of H,O 
= 7.00 moles of H,O 


So the number of moles of H,O produced = 7.00 moles 


aH Self Check Exercise 1.1 


NHs is an important raw material in the manufacture of fertilizers. It is obtained by the 
combination of N, and H, as shown by the following balanced equation. 


Nag + 3H, —> 2NH 


2(g) 3(9) 
How many moles of the following are required to manufacture 5.0 moles of NH, ? 
(a) Nitrogen (b) Hydrogen 
(Ans: (a) N, = 2.5 moles (b) H2 = 7.5 moles) 


moles of O, 


1.2.3 Stoichiometric Calculations 
Example 1.2 

Iron can be produced from iron ore Fe,O, by reacting the ore with carbon monoxide 
(CO).Carbon dioxide (CO,) is produced in this reaction as a by product.What mass of iron 
can be formed from 425 g of iron ore? 


1. Stoichiometry 


Solution 
The balanced equation can be written as 
Fe,O, + 3CO —o 2Fe + 3CO, 
Mass of iron ore = 425 g (given mass) 
mass " 425g 
molecular mass 159.6 g moles” 


= 2.66 moles of Fe20s 
According to balanced chemical equation 


No of moles of iron ore = 


1 mole of Fez0s = 2 moles of Fe 
2.66 moles of Fe20s = 2.66 x 2Moles of Fe = 5.32Moles of Fe 
Mass of Fe produced = no. of moles of Fe x Molar mass of iron 
= 5.32 x 55.9g 
Mass of iron produced = 297.388 g 


ri Self Check Exercise 1.2 


The main engines of the U.S. space shuttle are powered by liquid hydrogen and liquid 
oxygen. If 1.02 x 105 kg of liquid hydrogen is carried on a particular launch, what mass of 
liquid oxygen is necessary for all the hydrogen to burn. The equation for the reaction is, 
2H, + O 280, 

e 


(9) (9) J 


(Ans: 8.16 x 10° kg oxygen) 


Example 1.3 
Calculate the no of molecule of O2 produced by thermal decomposition of 490 grams of 
KCIO, 


Solution: 


The given mass of KCIO, = 490g 
Formula mass of KCIO, = 122.5 g mole 
No. of moles of KCIO, = 490/122.5 
= 4 moles 
According to reaction, 2KCIO, ——» 2KCI + 30, 
2 moles of KCIO, = 3 moles of O, 


4 moles of KCIO, = 3/2 x 4 
= 6 moles of O, 
1 mole of O2 = 6.02 x 1073 molecules of O, 
6 moles of O2= 6 x 6.02 .. 1075 molecules of O, 
= 3.612 . 10% molecules of O, 


Example 1.4 
20g of H,SO, on dissolving in water ionizes completely. Calculate 
a) No of H,SO, molecules 
b) No of H* and SO?” 
c) Mass of individual ion 


[-— 55] É 
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Solution 
a. Mass of H,SO, 


Molar Mass of H,SO, 


20g 
98.016g mole"! 


No of molecules of H,SO, = . Mass of HSO, v6 99.10” 
Molar Mass of H,SO, 
E 20 
98.016 
= 1.228x 107? 
b. H2SQs dissolves in water as follows: 
H,SO, —22H' «SO? 


x 6.02 x 107 


According to equation 
1molecule of H,SO, = 2H* ions 


1.228x10?? molecules of H,SO, =2 x 1.228 x 10 H* ions 


= 2456 x10? H'ions 
As molecule of H,SO, = 1 S04% ions 


So, 1.228x10?3 molecule of H2SO4= 1.228x107?? S04% ions 
c. Mass of individual ions = No. of ions 
6.02 x 107° 
Mass of H? = 2.456 x10? 
6.02 x10% 
=0.411g 
Mass of SO? 21.228x107? x96 
6.02 x 10** 
= 19.589 


x Molar mass of an ion 


x 1.008 


Molar Volume 

One mole of any gas at STP (standard temperature and pressure) occupies a 
volume of 22.414 dm. This volume is called Molar volume. With the help of this 
relationship, we can convert the mass of a gas at STP into its volume and vice versa. Hence 
we can say molar volume of gases is also related with their density at STP (see section 4.4.3). 

22.414 dm? of any gas at STP = 1 mole = 6.02 . 10? molecules. 

22.414 dm? of H, gasat STP =2g = 6.02 . 1075 molecules. 


22.414 dm? of NH, gasatSTP=17g = 6.02 . 1075 molecules. 


Example 1.5 

Determine the volume that 2.5 moles of chlorine molecules occupy at STP. 
Solution: 

We know that 

22.414 dm? of Cl? (Chlorine) at STP = 1 mole 

or 1 mole of Cl» occupies a volume of 22.414 dm? at STP. 

2.5 mole of Cl» occupy a volume of 22.414dm?. 2.5 = 56.035 dm? 


. Stoichiometry 


Self Check Exercise 1.3 

(a) How many moles of oxygen molecule are there in 50.0 dm? of oxygen 
gas at S.T.P? 

(b) What volume does 0.80 mole of N, gas occupy at S.T.P? 


(Ans: (a) 2.23 moles, (b) 17.93 dm?) 
1.3 PERCENTAGE COMPOSITION 


The relative amounts of each element in a compound are expressed as the percentage 
composition. For example the percentage composition by mass in MgO is as follows, 


To determine the percentage composition of a known compound, 
I) Calculate the molar mass of compound 
Il) Calculate the percentage of each element in one mole of the compound.This is done by 
dividing the mass of each element in one mole of the compound by the molar mass multiplied 
by 100. 
massof elementin1mole of compound y 


molar massof compound 


1.4 LIMITING AND NON LIMITING REACTANTS 


The reactant that is consumed completely in a chemical reaction is called limiting 
reactant. Also it can be defined as the reactant which produces the least number of 
moles of products in a chemical reaction. The reactant left un-used or un-reacted after 
completion of reaction is called Reactant in excess or Non Limiting reactant. 


% ofan element = 100 


1.4.1 Identification of a Limiting Reactant in a Reaction: 


A limiting reactant can be recognized by calculating the number of moles of products 
formed from data of the given amounts of the reactants, using a balanced chemical equation. 
The reactant, which produces the least number of moles of products, is the limiting reactant. 

For example, 10 moles of H, and 7 moles of O, were reacted to produce H,O. Which 
one of the reactant is the limiting reactant? We can calculate as follows: 

The reaction is 2Haog + Oxg —> 2H20( 

Stoichiometrically, 
According to balanced chemical equation 
(i) — 2H, - 2 H,O 
i.e. 2 moles of H, 2 moles of H,O 


10 moles of H, = 2 x10 = 10molesof H,O 
(ii) Oo, = 2H,O 

ie.1moleof O, = 2 moles of H,O 

so, 7 moles of O, = 2 x 7 2 14 moles of H,O 


Since H, gives the least number of moles of H,O , i.e. 10 moles, so H, is the limiting reactant. 


Example 1.6 
200 g of K,Cr,O, were reacted with 200g conc. H,SO, .Calculate 
(A) Mass of atomic oxygen produced 
(B) Mass of reactant left unreacted 
K,Cr,O, + 4H,SO, ——>K,SO, + Cr,(SO,), +4H,O + 3(O) 


1. Stoichiometry 


Solution: 
(a) Mass of K,Cr,O, = 200g 
Formula Mass of K,Cr,0, = 294g mole" 
200 
No of moles of K,CrO, = PUR 
= 0.68 moles 
Mass of H,SO, = 200g mole" 
Formula Mass of HS0, = 98g mole" 
No of moles of H,SO, = 200 
98 
= 2.04 moles 
K,Cr,O, +4H,SO, —->K,SO, + Cr,(SO,), +4H,O + 3[O] 


0.68 2.04 
moles moles 
According to balanced chemical equation 
1 mole of K,Cr,O, = 3 moles of [O] 
0.68 mole of K,Cr,O, = 3x0.68 moles of [O] 
2.04 moles of [O] 
4 moles of H,SO, 3 moles of [O] 


2.04 moles of H,SO, z Ž x2.04 


= 1.53 moles 
As H,SO, is producing lesser moles of product so, H,SO, is the limiting reactant. 


Mass of atomic oxygen is = No. of moles of oxygen atom x atomic mass 
= 1.53 x 16 = 244g 
b) In this problem H,SO, is the limiting reactant and K,Cr,O, is the reactant in the excess 
We have 0.68 moles of K,Cr,O, and 2.04 moles of H,SO, 
According to the reaction, 


4 moles of H,SO, = 1 mole of K,Cr,O, 
2.04 moles of H,SO, = {x204 
= 0.51 moles of K,Cr,O, 
No of moles of K,Cr,O, left unreacted = 0.68-0.51 
- 0.17 moles 
Mass of K,Cr,.O, = No of moles x Formula Mass of K,Cr,O, 
0.17 x 294 = 49.98 


So Mass of K,Cr,O, left unreacted 49.98g 


_ Stoichiometry w 


Example 1.7 
Magnesium metal reacts with Sulphur to produce MgS. How many grams of magnesium 
sulphide (MgS) can be made from 1.50g of Mg and 1.50g of sulphur by the reaction? 


Mg+S——MgS 
Solution: 

Mass of Mg = 1.50g 

1.50 
No. of moles of Mg = 4^ 0.0625 moles 
Mass of S = 1.50g 

1.50 
No. of moles of S = 32 = 0.0468 moles 

Mg+S—->MgS 

ie. 1 mole of Mg 7 1 mole of MgS 
so, 0.0625 moles of Mg 7 0.0625 moles of MgS 
also, 1 mole of S = 1 mole of MgS 


So, 0.0468 moles of S = 0.0468 Moles of MgS 

Since S gives the least No of moles of products as compared to Mg, so it is the limiting 
reactant. 

Now we calculate the mass of MgS in grams. 

Mass of 1 Mole of MgS = 24432 = 56g 

Mass of 0.0468 Mole of MgS = 56 x 0.0468g = 2.620g 


aH Self Check Exercise 1.4 


(1) Zinc and Sulphur react to form Zinc Sulphide according to the following 
balanced chemical equation. Zn + S —— ZnS 
If 6.00g of Zinc and 4.00g of Sulphur are available for reaction, then determine 
(a) The limiting reactant. 
(b) The mass of Zinc Sulphide produced. 
(Ans. (a) Zincis the limiting reactant since the whole is consumed. 
(b) Mass of Zinc Sulphide produced = 8.95g) 
(2) Aluminium reacts with bromine to form Aluminium bromide, as shown by the 
balanced chemical equation, 2AI + 3Br, ——» 2AIBr, 


If 15.8g of Al and 55.6g of Br, are available for reaction, then determine 
(a) The limiting reactant (b) The mass of AIBr, produced 
(Ans: (a) Bromine is the limiting reactant. (b) Mass of AIBr, formed = 61.99 


1.4.2 Amount of Reactant Present in Excess in a Reaction 


During a reaction in which two reactants are reacted sometimes one component is 
consumed completely and some amount of other reactant is left unreacted. The reactant which 
is consumed completely during the reaction is called Limiting Reactant and the reactant whose 
some amount is left unconsumed is called “Reactant in Excess". 
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The concept of reactant in excess may be more clear by studying the following sample 
problem. 
Example 1.8 

Suppose 1.87 moles of ammonium chloride were reacted with 1.35 mole of calcium 
hydroxide. How many grams of calcium hydroxide are left unreacted in this reaction? 
Solution: ^ According to the reaction, 

Ca(OH), + 2NH,CI——>CaCl, +2NH,OH 

Let us calculate the no. of moles of Ca(OH), in above example that reacts completely 

with 1.87 moles of NH,Cl. 


2 moles of NH,CI = 1 mole of Ca(OH), 
1.87 moles of NH,Cl = ix 1.87 
= 0.935 moles of Ca (OH)2 
So, no. of moles of Ca(OH), consumed = 0.935 moles 
And no. of moles of Ca(OH), initially present = 1.35 moles 
So, no. of moles of Ca(OH), unreacted = 1.35-0.935 
= 0.415 moles 
Molar mass of Ca(OH), = 74 
Mass of Ca(OH), = No. of moles x Molar mass 
Mass of Ca(OH), = 0.415 x 74 
= 30.71g 
Result: The excess amount of Ca(OH), , which is left unreacted is 30.71g. 


1.5 THEORETICAL YIELD, ACTUAL YIELD AND PERCENT YIELD 


*The quantity of a product calculated from a balanced chemical equation is called 
theoretical yield of the reaction". The quantity of a product that is actually produced in a 
chemical reaction is called the actual yield. 
The percent yield can be calculated as, 
Percentage Yield — , Actual Vield: . x100 
Theoretical Yield 

There are many reactions for which the actual yield is almost equal to the theoretical 
yield. Such reactions are quantitative, i.e., they can be used in chemical analysis. On the other 
hand, for some reactions, particularly those involving organic compounds, the actual yield of a 
reaction is less than the theoretical yield and percent yield, less than 100 %. 

The actual yield may be less than the theoretical yield due to following reasons, 

i) Side reactions may produce by-products 

ii) Some reactions are reversible 

iii) Mechanical loss takes place due to filtration, distillation, and separation by 

separating funnel, washing and crystallization etc. 


Example 1.9 
In an industry Copper metal was prepared by the following reaction, 


Zn, + CUSO 4.4) —9 ZnSO,,, + Cu, 


_ Stoichiometry ESI 


1.274g CuSO, when reacted with excess of Zn metal a yield of 0.392g of Cu metal is 
obtained. Calculate the percentage yield. 
Solution: 

Mass of CuSO, given = 1.274g 

Now we convert the no of grams of CuSO, into no. of moles. 

Molecular mass of CuSO, = 63.5 + 32 + 64 = 159.5 g/mole 

159.5g of CuSO, - 1 mole 


1.274 g of CuSO, = = x 1.274 


= 7.98210 ?moles. 


Stoichiometrically 


1 mole of CuSO, = 1 mole of Cu 
7.98 x 10? moles of CuSO,  - 7.982 X 10?moles of Cu. 
as, 1 mole of Cu =63.5g 


63.5 x 7.982 x 10? 
0.5072 g of Cu. 


so, 7.982 x 103 moles of Cu 


n ww 


Hence, Theoretical yield 0.5072g 
Actual yield = 0.392 g 
R Actual yield 
So, % yield alm. EE 
x sys Theoretical yield 
= 0392 100 =77.3% 
0.5072 


Example 1.10 

In a reaction, 2.00 moles of CH, were reacted with an excess of Cl, . As a result, 177.0 g 
of CCI, is obtained. What is the 

(a) theoretical yield (b) actual yield (c) % yield of this reaction? 
Solution: 


Reaction is, CH, 


+ 4Clg —> CCl + 4HCI 


2(9) (9) 
Stiochiometrically, 


From 2.0 moles of CH, , we would expected to obtained 2.0 moles of CCI, 


(a) Theoretical yield = 2.0 moles of CCl, 
Mass of CCI, = No. of moles x molar mass 
=2 x 154 = 308g 
(b) Actual yield = 177.0g of CCla 
(c) Percent Yield: 
" Actual yield 
% yield =———— x 100 
"YS Theoretical yield 
177 
% yield ^ 308 x 100 


= 57.46 96 


K 
DX _ 1. Stoichiometry 


ES Self Check Exercise 1.5 


de 


The overall balanced equation for the production of ethanol (C,H,OH) from glucose is 
as follows: 


C H,O,,, —9 2CHOH eq) + 2CO,, 


(a) What is the theoretical yield of ethanol available from 10.0 g of glucose? 
(b) Ifin a particular experiment, 10.0 g of glucose produces 0.664 g of ethanol, 
what is the percentage yield? 

(Ans: (a) Theoretical yield of ethanol = 5.152g (b) Percentage yield = 12.89 %) 
Solid carbon dioxide (dry ice) may be used for refrigeration. Some of this carbon 
dioxide is obtained as a by-product when hydrogen is produced from methane in the 
following reaction. 


CH, + 2H,0,, —9 CO44 4H, 


(a) What mass of CO» should be obtained from 1250 g of methane? 
(b) Ifthe actual yield obtained is 3000 g then what is the percentage yield? 
(Ans: a=3437.5g b=87.3%) 


References for additional information 


James Brady and John R. Holum, Chemistry, The studies of matter and its changes. 
Theodore L. Brown, H. Eugene LeMay Jr and Bruce E. Bursten, 

Chemistry, The central Science. 

Rose Marie Gallagher and Paul Ingram, Complete chemistry. 

Graham Hill and John Holman, Chemistry in Context 

E. N. Ramesden, Calculations for A-Level chemistry. 


1. 


Select the most suitable answer in the following MCQs. 


How many molecules are there in one mole of H,O? 


(a) 6.023x10? (b) 6.023x10? 

(c) 1.084x10'* (d) none of these 

A flask contains 500 cm? of SO» at STP. The flask contains; 
(a) 40g (b) 100g 


(c) 50g (d) 1.427g 
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iii, A necklace has 6g of diamond in it. What are the numbers of atoms in it? 


(a) 6.02x10? (b) 12.04x10” 
(c) 1.003x10? (d) 3.01x10% 
iv. What is the mass of aluminium in 204 g of the aluminium oxide, Al,O, ? 
(a) 26g (b) 27g 
(c) 54g (d) 108g 
v. The reactant which is consumed earlier and gives least quantity of product is called; 
(a) Reactant in excess (b) Stoichiometry 
(c) Limiting reactant (d) Stoichiometric amount 
vi. | Which one of the following compounds contains the highest percentage by mass of 
nitrogen? 
(a) NH, (b) NH, 
(c) NO (d) NH4OH 


vii —Vitamin-A has a molecular formula C,,H,,O . The number of vitamin-A molecules in 
500 mg of its capsule will be; 
(a) 6.02x10? (b) 1.05x10? 
(c) 3.01x107? (d) 3.01x10*? 


viii. When one mole of each of the following is completely burnt in oxygen, which will 
give the largest mass of CO2? 


(a) Carbon monoxide (b) Diamond 
(c) Ethane (d) Methane 
ix. One mole of ethanol and one mole of ethane have an equal; 
(a) Mass (b) Number of Atoms 
(c) Number of electron (d) Number of molecules 


X.  Methane reacts with steam to form H, and CO as shown below, 
CH * Ou, — CO, + 3H 
What volume of H, can be obtained from 100 cm? of methane at the standard 


temperature and pressure? 
(a) 300 cm? (b) 200 cm? 
(c). 150 cm? (d) 100 cm? 
Xi. The Avogadro's constant is the number of 
(a) Atoms in 1g of Helium (b) Molecules in 35.5g of Chloride 
(c) Electrons needed to deposit 24g of Mg 
(d) Atoms in 24g of Mg 


xii. How many moles of oxygen ate needed for the complete combustion of two moles 


of butane? 
(a) 2 (b) 8 (c) 10 (d) 13 

xiii. If four moles of SO, are oxidised to SO,, how many moles of oxygen molecules are 
required? 


(a) 0.5 (b 10 (c) 15 (d) 2.0 


xiv. 


XV. 


xvi. 


xvii. 


xviii. 
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The relative atomic mass of chlorine is 35.5. What is the mass of 2 moles of 
Chlorine gas? 

(a) 142g (b) 71g (c) 35.5g (d) 18.75g 

Which of the following statements is incorrect? 

(a) 12g of carbon gas contains one mole of atoms 

(b) 28g of nitrogen gas contains one mole of molecules of N, 

(c) 1 dm? of a 1.0 mole dm? solution of NaCl contains one mole of Chloride ions 

(d) None of above 

One mole of propane has the same; 

(a) Number of H-atoms as one mole of methane (CH, ) 


(b) Number of C-atoms as in one mole of butane (C,H,,) 

(c) Mass as half a mole of hexane (C,H,, ) 

(d) Number of molecules as in one mole of ethane (C.H) 

What is the mass of one mole of lodine Molecules? 

(a) 254g (b) 74g (c) 106g (d) 127g 

What volume of SO, at room temperature and pressure is produced on heating 
9.7g of Zinc Sulphide (ZnS) if reaction takes place as follows: 


2ZnS,* 30, —92ZnO,, * 250 


2() (S) 2(g) 
(a) 1.2dm? (b) 2.4 dm? 
(c) 3.6 dm? (d) 4.8 dm? 


Answer the following questions briefly: 


58.5 amu are termed as formula mass and not molecular mass of NaCl. Why? 
Concept of limiting reactant is not applicable to the reversible reactions. Explain. 
How many covalent bonds are present in 9g of H,O ? 


Differentiate between limiting and non-limiting reactants. 

How many molecules of water are there in 12 g of ice? 

Which contains more atoms, 1 mole of Fe or 1 mole of H2? Justify your stand. 

Give reason that 1 mole of different compounds have different masses but have the 
same number of molecules. 

23g of sodium and 238g of uranium have equal number of atoms in them. 

Calculate the weight of oxygen gas evolved when 5.0 g of KClO, are completely 


decomposed thermally. 

What is the relationship between mass and volume of a gas at S.T.P? 

The actual yield is lesser than the theoretical yield. Give reasons? 

What are the representative particles in one mole of a gas at S.T.P? 

What is Stoichiometry and Stoichiometric amounts? 

What is Avogadro's number? Give examples. How will you explain moles with the 
help of Avogadro's Number? 

The liquid CHBr, has a density of 2.89 g cm?. What volume of this liquid should be 


measured to contain a total of 4.8 1074 molecules of CHB. — (Ans: 696.8 cm?) 
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4. (a) Differentiate between actual yield and theoretical yield. 
(b) The following reaction never goes to completion. Therefore less amount of NH3 is 
obtained than expected theoretically, 


Ng * 3H, —92NH, 


42.0 g of H, produces 120.2 g of NH, . Calculate the percentage yield of NH, . 


(Ans: 50.5 %) 
5. (a) What do you know about percentage composition? How will you determine the 
percentage of each element in the substance? 
(b) Glucose (C,H,,0,) is the most important nutrient in the cell for generating chemical 
potential energy. Calculate the mass percentage of each element in glucose. 
(Ans: C 2 40%, H=6.66%, O= 53.33 %) 
6. (a) How will you calculate the theoretical yield and percentage yield in a balanced 
chemical equation? 
(b) Asmall piece of pure Al Metal having a volume of 2.50 cm? is reacted with excess 
of HCI. What is the weight of H, liberated? The density of Al is 2.70 g cm. 


(Ans: 0.7529) 
7. How much Silver Chloride will be formed by mixing 120.0 g of Silver Nitrate with a 
solution of 52.0 g of NaCl? 


AgNO, + NaCI ——» AgCI + NaNO, 
(Ans: 101.24 g) 


ATOMIC STRUCTURE 


After completing this lesson, you This is 10 days lesson 
able to: (period including homework) 


e Define proton as a unit of radiation energy. 


e Use the Bohr's model for calculating the radii of orbits. 

e Explain production, properties, types and uses of X-rays. 

e Describe the concept of orbitals. 

e Distinguish among principal energy levels, energy sub levels, and atomic orbitals. 

e Describe the general shapes of s, p and d orbitals. 

e Describe the hydrogen atom using the Quantum Theory. 

e Describe the orbitals of hydrogen atom in order of increasing energy. Summarize the Bohr's atomic theory 
e Use the Bohr's model for calculating energy of electron in a given orbit of hydrogen atom. 


e Relate energy equation (for electron) to frequency, wave length and wave number of radiation emitted or 
absorbed by electron. 


e Explain the significance of quantized energies of electrons. 
e Relate the discrete-line spectrum of hydrogen to energy levels of electrons in the hydrogen atom. 


e Use the Aufbau Principle, the Pauli Exclusion Principle, and Hund's Rule to write the electronic 
configuration of the elements. Explain the sequence of filling of electrons in many electron atoms. 


e Write electron configuration of atoms. 


INTRODUCTION 


A series of discoveries beginning during the later part of 19^ century have modified the 
Daltonian concept of the atom by demonstrating that an atom is a complex unit made up of 
similar discrete parts. Atoms are not simple, compact bodies as supposed by Dalton but are 
complex systems composed of several fundamental particles of matter. The modern theories 
have proved that an atom is made up of about 100 particles out of which electrons, protons 
and neutrons are whole time existing and important particles. 

We need to understand atomic structure in order to understand chemical bonds that 
hold atoms together and chemical reactions. 

The atoms are made up of sub-atomic particles, electron, proton and neutron. These 
three particles are called elementary or fundamental particles as they are building blocks of all 
atoms. Many of the characteristics of an atom are dependent upon these three particles. The 
only atom which do not contain neutron is protium (hydrogen). Many other particles such as 
neutrino, antineutrino, positron, pions and muons have also been discovered. Many of them 
are unstable and exist for a fraction of second only. 
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2.1 DISCHARGE TUBE EXPERIMENTS 


2.1.1 Cathode Rays (discovery of electron) 


A gas discharge tube is fitted with two metallic electrodes, as cathode and anode. The 
tube is filled with a gas, air or vapour of a substance at any desired pressure. The electrodes 
are connected to a source of high voltage battery. The tube is attached to the vacuum pump as 
shown in the diagram (2.1). In the beginning an electric current was passed through the gas in 
the discharge tube at ordinary pressure. 
The gas in the tube was not affected Dui ow Gece Green glow 
even at high potential of 5000 volts. tube ——a 
However, the gas was discharged from x 
tube up to a low pressure of 0.01 torr, 
and was connected to high voltage of 
5000-10,000 volts. It was observed that 
at very low pressure of 0.1 torr and high 
potential, the gas becomes conductor, 
current starts to flow through the gas and 


> f Cathode rays- AN. 
Cathode du Anode 


To vaccum pump 


gas starts to emit light (modern example <i f” High voltage generator 
of such a discharge tube is "a neon b 
sign”). When the pressure is reduced Fig. 2.1: A discharge tube 


even further upto 0.01 torr, emission of light by the gas ceased, certain rays were given out 
from cathode and travel towards anode. Such rays were called cathode rays because they 
originate from cathode. J.J. Thomson first identified the electrons in cathode ray tube (electric 
discharge tube) in 1887. Many other scientists like Faraday & Crookes studied the effects of 
passing electric current through a gas. As a result a sub-atomic particle with a negative charge 
was discovered. 

Through different discharge tube experiments electrons were discovered by J. J. 
Thomson in 1887 (but the name electrons was given by Stoney in 1886). 


Properties of Cathode Rays 

Some systematic studies were made by certain scientists in order to investigate the 
properties of cathode rays. These properties are mentioned below. 

Cathode rays are negatively charged particles. J-Perrin (1895) showed that cathode 
rays are deflected in a magnetic field. J.J. Thomson (1897) proved that these rays can be 
deflected towards anode showing that they are negatively charged. They produce a greenish 
fluorescence on striking the walls of the glass tube. 

Hittorf (1869) proved that cathode rays cast a sharp 
shadow when an opaque object is placed in their path. This 
proves that they travel in straight line perpendicular to the 
surface of cathode. 

They can drive a small paddle wheel placed in their 
path. This verifies that they are material particles and have 
certain momentum also. 

They can produce X-rays when they strike on an 


" : : Fig. 2.2: Cathode rays casting 
anode, particularly with large atomic mass. They produce shadow of an opaque object 


heat when they fall on a platinum foil and foil begins to glow. 
They can ionize gases. They can cause a chemical change 
in a material on which they fall. They are capable of 
penetration in metallic sheets like of Aluminium or Gold. 

J.J. Thomson determined charge to mass ratio (e/m) | | 
of an electron. He concluded that all atoms contain electrons. || === rli 
The value of e/m is 1.7588 x 10!! Coulombs kg". Whatever 
the gases and the vapour in the discharge tube, the cathode Fig. 2.3: Cathode rays moving a 
rays and the electrons are always the same. This proves that small paddle wheel 
electrons are present in all atoms. 


Measurement of charge to mass ratio (e/m) and charge of an electron: 
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(J. J. Thomson's cathode rays experiment 1897) 

J. J. Thomson subjected a beam of cathode rays 
(electron particles) to see the effects of electric and magnetic 
fields as shown in figure 2.4. oH 

In the beginning, in absence of any electric or | Me apparatus to 
magnetic field, the electrons from cathode rays struck the pug NA 3 
fluorescent screen at B. Then under the effect of electric 
field, they strike at point A. Similarly they strike at point C 
under the influence of magnetic field only. Now electric and 
magnetic fields were adjusted in such a way that the electron again strike at point B. 

In this way by comparing the strength of the two fields, he determined the e/m value o; 
an electron which is 1.7588 x 10!! Coulombs kg". This means that 1 kg of electrons have 
1.7588 x 10! Coulombs of charge. 

Measurement of charge on Electron (Millikan's oil drop experiment 1909) 
R.A. Millikan Succeeded 
in measusring the charge of 
electron with great precision in 
1909. Millikan constructed a box 
which consisted- of two 
chambers. The upper chamber 
was filled with air whose 
pressure was adjusted by a : 
vacuum pump. There were : Electrically charged 
installed two electrodes A and A’. : Braex pieles 
The electrodes were attached 
with electricity to generate an 
electric field in the space 
between the electrodes. The 


Fig. 2.4 Cathode rays in electric 
and magnetic rays 


Atomizer Oil sprayed in fine droplets 


X rays to produce 
charge on oil droplet 


Telescopic 
eyepiece 


n Charged oil droplet 
upper electrode had a hole in it EET USER 


as shown in the diagram. A fine 
spray of oil droplets was created Fig. 2.5: Millikan's oil drop experiment 
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by an atomizer. Few droplets entered the hole. Then the hole was closed. An arc lamp was 
used to illuminate the space between the electrodes. The droplet fell under the force of gravity. 
The velocity (V1) of the droplet was determined depending upon its weight. 


Vio mxg —— (1) 


Where m is mass of particle and g is acceleration due to gravity. 

After that the air between the electrodes was ionized by X-rays. The droplet under 
Observation took up an electron and got charged. Then A and A' were connected to a battery 
which generated an electric field having a strength E. The droplet moved upwards against 
gravitational force with a velocity V2. 

i.e. V2 a Exe-mxg -----(2) 

Where E is strength of electric field and e is charge on electron. 

Dividing Eq. (2) by Eq. (1) 

V | mg 
V, Ee-mg 

If V1, V2, g and E are known, mass of an electron can be determined by varying the 
electric field in such a way that the droplet is suspended in the chamber. Hence "e" can be 
calculated which is 1.6022x10"19 coulombs. 


Determination of Mass of an Electron 


We know that e  217588x10''Coulomb kg ' 
m 
but e | -1.6022x10 ?Coulomb 
1.60x10' C — 1.7588 x 10" Ckg 
m i 1 
or mx1.7588x10"C kg” = 1.60x10 "°C 
1.60x10*C 


1 7588x10Ckg" 
m = 9.1095x 10 ?'kg 

Example 2.1 How much heavier is the H-atom as compared to an electron? 
Solution: as we know that 
Mass of H atom = 1.6736 * 10?" kg 
Mass of electron = 9.1095 x 10?! kg 

Mass of H-atom — 1.6736 x10 "kg/H atom _ 1837 

Mass of electron 9.1095x10®™'kg/electron 1 


Hence Hydrogen atom is 1837 times heavier than an electron. 


2.1.2 Positive Rays or Canal Rays (discovery of proton) 


In 1886 Goldstein, a German Physicist discovered proton in cathode ray tube. 
In a discharge tube, atoms or molecules 
lose electrons forming positive ions. Typical 
example is of ionization of Neon gas. 
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Cathode rays Positive (Canal) rays 


Cathode with holes 
(plerced disk) 


Ne > Ne *e 
It is observed that the positive ions move 
towards cathode in a discharge tube. &acton 
Construction and Working TO VEO PT E. 

About one metre long tube was Fig. 2.6 Positive particles moving towards cathode in a 
taken which was provided with a discharge tube. 
perforated cathode as shown in the 
diagram. The electrodes were connected to a high voltage battery. 

Atom being electrically neutral must contain equal number of positive and negative 
particles. When electric current was passed through the gas under reduced pressure, some 
rays are produced from cathode which traveled away from cathode. Such rays ionize the gas 
in the middle of the discharge tube. They knocked out electron from the gas molecules. As a 
result positive ions were produced, which start moving towards the perforated cathode. 

M — M? + e 
He He*! + & 

Since these rays passed through the canals (small holes) of cathode so they were also 
called as “Canal rays”. Later on they were called Positive rays because they carried positive 
charge. 


Properties of Positive Rays 
Positive rays have the following properties: 
1) They travel in straight line perpendicular to the anode surface. 
2) They can be deflected by electric field. 
3) Their deflection is towards cathode showing that they are positively charged. 
4) They produce flashes on ZnS plate. 


5) Their © ratio is smaller than that of an electron. 


Gas molecules 


m 
6) The $ ratio depends upon the nature of the gas. The highest © is obtained if 
m m 


Hydrogen gas is present in the tube. 
7) The mass of a *ive particle is never less than that of a proton. 
8) The positive particle obtained from H2 gas is the lightest among all the positive 
particles. 
9) A particle obtained from positive rays is called proton, a name suggested by 
Rutherford. 
10)The mass of a proton is 1837 times more than that of an electron. 
As proton is present in all the atoms therefore proton is a common constituent of all matter. 
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2.2 DISCOVERY OF NEUTRONS 


After the discovery of electrons and protons in an atom, nothing 
extra was known about it until 1932. Rutherford in 1920 predicted that 
some neutral particles must also be present in it because he noticed that 
atomic mass of atoms could not be explained if it were supposed that 
atoms had only electrons and protons. 

James Chadwick in 1932 performed an experiment and proved that 
certain neutral particles also exist in nucleus of an atom and he was 
awarded Nobel Prize in Physics in 1935 for this discovery. d 
Experiment by James Chadwick James Chadwick 
A stream of a-particles produced from Polonium (Po) was directed at target metal foil 4Be°. 

It was noticed that some penetrating radiations were produced. These radiations were 
called neutrons, because the charge detector showed them to be neutral. 


Vacuum 
Beryllium (target) 
v 
Windows TT 
£t 
— 5 
— n 
— 
— oH 
Lead pe. 
7 block 
Polonium Paraffin wax Gas filled chamber 
source (detector) 


Fig. 2.7: a — rays bombarded on Beryllium sheet 


The nuclear reaction is as follows: 
4Be? + 2 He^ (a-particles) ——> eC? + o n! (neutron). 


Properties of neutrons 
Neutrons have the following properties, 
1. Free neutron decays into a proton with the emission of electron and neutrino. 
on'* ____y 1p! + 4e? + on? (neutrino, particle of a small mass). 
2. They cannot ionize gases. 
3. They are highly penetrating particles. 
4. When neutrons travel with energy 1.2 MeV or more, they are called Fast Neutrons. And 
when have energy below 1 e.V., they are called slow neutrons. 
They are not deflected in electric and magnetic fields. Hence they are neutral in nature. 
They can knockout high speed protons from paraffins, water, paper and cellulose. 
Slow neutrons are more effective than the fast ones for the fission purposes. 
When neutrons are used as projectile, they can carry out the nuclear reactions. 
e.g. ,N' +, n'——>,B" +, He* 
When slow moving neutrons hit the Cu metal, B — radiations are emitted. 
Mer > Zn? +_, e*(B—ray) 
Because of their intense biological effects, they are used in the treatment of cancer. 


PNA 
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2.3 THE DISCOVERY OF NUCLEUS 
(RUTHERFORD'S EXPERIMENT, 1910 — 11) 


After the discovery of electron, proton and neutron in an atom, the next problem was to locate 
their positions. Rutherford in 1910 performed an experiment by bombarding a- particles (2He^) from a 
radioactive element (Ra or Po) on a thin metallic foil (0.00004 cm thick) as shown by Fig 2.8. He 
observed that most of the a. - particles passed un-deflected. A few were deflected through various 


angles 


Ruthe 
1. 
2: 


3 
4. 
5 


9 t 


and a very few of them were deflected in backward direction as shown by Fig 2.8. 


^ boam 
of alpha 
particles 


Non-deflected particles 
Small deflection 


Deflected particles, 


Most of the alpha 
particles pass 
‘straight 


Large deflection| 
Fluorescent screen 


Nucleus 


Alpha 
particles 


av) paiticle exüitice 


Fig. 2.8: a-rays bombarded on gold foil 


À Atoms of the 
gold foil 


rford's Conclusions (Rutherford's Atomic Model) 

An atom consists of a small heavy positively charged portion called Nucleus. 

There is a negatively charged portion which surround the nucleus containing electrons 
called extra — nuclear portion or planetary. 


. The number of protons in the nucleus are equal to the number of electrons in the planetary. 


The electrons revolve around the nucleus. 
The centripetal force is equal to the electrostatic force. 
Only a very small volume is occupied by the nucleus. 


Defects of Rutherford Atomic Model 
The defects of Rutherford Atomic Model are: 


1. 


2. 


3. 


2.3.1 


Rutherford Atomic Model is based upon laws of motion and gravitation which are 
applicable to neutral bodies but not to the charge bodies like electron and proton. 
According to Maxwell's theory any charge particle moving in a circular path must radiate 
energy continuously and ultimately the electron must be spiral into the nucleus and the 
atom will collapse. 

f electron emits energy continuously, it should form continuous spectrum. But actually, a 
ine spectrum is obtained. 


Properties of three Fundamental Particles 


Proton 


| Neutroi 


+ 1.6022 x 10°" +1 1.6727 x107 1.0073 In the nucleus 
n o o 1.6750x10 7 1.0087 Inthe nucleus - 


‘Electron —1.6022x10? — -1 9.1095x107' 5.4858x10~ Outside nucleus 
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2.4 BOHR'S ATOMIC MODEL AND ITS APPLICATIONS 


In order to remove the defects of Rutherford atomic model and the investigate the internal 
structure of an atom, Neil Bohr, an English scientist (1913) proposed another possible structure 
of an atom called Bohr's atomic model. According to this model; 

1. Electrons revolve around the nucleus in definite energy levels called orbits or shells. 
2. As long as an electron remain in a shell it never gains or losses energy. 
3. The gain or loss of energy occurs within orbits only due to jumping of electrons from one 
energy level to another energy level. 
AE-E,-E, 
4. Angular momentum (mvr) of an electron is equal to nh/2x. 

The angular momentum of an orbit depends upon its quantum number and it is an 

integral multiple of the factor h/2x 

i.e. mvr = nh/2x Where n = 1, 2, 3, 


2.4.1 Derivation of Radius of an Orbit of an Atom 
Bohr derived expressions for the calculations of radius of 
nth orbit of an atom of hydrogen or ions like He*', Li*? etc. Force of 
Let us consider an atom having an electron (e) moving 
around the nucleus having charge Z e*, where Z is the atomic 
number. Let m be the mass of electron, r the radius of the orbit and E 
v is the velocity of the revolving electron. Figure 2.9 Electron 
According to coulomb's law, the electrostatic force or revolving in an atom 


centrifugal force= E 


me 


Z 
Anf 


5 " Ze*xe- Ze? 
Coulomb's force of attraction = z= 
4m€ or 4m€ gr? 


Where €, (the vacuum permittivity constant) = 8.84 x 1012 C? J1 m. 


2 
mv 
Centrifugal force acting on the moving electron Ea 


These two forces are equal and opposite and balance each other. So, 


m^ £z 

rt DT ag 002 (1) 
me = 46) 
4ne,r 

- , 

i ^em) 0000000000000 Maaa (2) 


Thus we conclude that the radius of a moving electron is inversely proportional to the 
square of its velocity. 
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Now we consider angular momentum. According to Neil Bohr, 


mv = = —— (3) 
T 
v = nh 
2nmr 


Taking square on both sides, 


5 n^h? 
v Tax ES (4) 
Putting this value of v? in (2), 
Ze 4mm 
r ~ 4nrem wh? 
1  Ze?mm 
r Eoh?n? 
or Ze?n mr = €, nh? 
r =€ nh /Zem = = M AH (5) 
For hydrogen, Z =1 
n?n? 
So, r = —— ———— (6) 
or r = n? ao 


x 
where ao = Ê ne , a constant quantity having a value of 


0.529x10 m = 0.529 A (where 1A= 107? m) 
So r= mx0520À 
Therefore radius of orbits having n = 1, 2,------ are as follows. 
When n = 1, r= 42x 0.529A = 0.529 A 
When n=2, r=2?x0.529A ^ -4x0.529À =2.116A 


2.4.2 Derivation of Energy of an Orbit 


The energy of an electron in an orbit is the sum of its potential energy and kinetic energy. 
Era = K.E + P.E. 


= (me) + (- 
(mv) *( 4re,r 


l Ze? 
Etotal = ;mv?- 
1 4re,r 


This potential energy is governed by the coulomb's Law of Electrostatic force. 


2. Atomic Structure 


Putting the value of mv? from eq. (1) into eq. (7) 


ETota = En = d Ze? ]- Ze? 
4\4ne,r 4ne,r 
_ Z (10) zé (1 
~ 4ner\2 1) 4ne rl 2 
n MM ZZ rs (8) 
8ze,r 


Now putting the value of r from eq. (5) in to eq. (8) 


E, = LB | amZe? 
81e, | &, n*h* 
mZ’e* 
a ZZ 219 (9) 
For Hydrogen atom; Z=1 
me* 
aaa 8e nh? 
om) [D 
|» 8eh'[m 
4 
me m 
But ger 21810 J 
This value is obtained by putting the values of constants. 
1 
En -- 21040" | J heise (10) 
k 
pu^ where k = 2.18 x 10718 J 


The negative sign indicates decrease in energy of the electron. 
The value of energy obtained is in Joules/atom. If this quantity is multiplied by 
Avogadro's No. and divided by 1000, the value of En becomes. 


En = - 1313.35 kJ / mole. 


n 
This energy is associated with 1.008 gram-atoms of hydrogen. 
If n2 1,2, 34,5...... 

then Ern Tot 35- - 1313.35kJ mole 


E2 1313. 35 = — 328.32 kJ mole 
* 


E3 = -1313.35 = — 145.92 kJ mole’ 
get 
E4 = — 1313.35 = _ 82.08 kJ mole! 
3 


Es = -1313.35 = — 52.53 kJ mole" 
52 
The first energy level when n = 1 is known as the ground state of the hydrogen atom. All 
other energy levels are known as excited states. 


2.4.3 Difference of Energy between two orbits 
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According to Eq. (9 E= nze 
ccording to Eq. (9) = ETT 
Let E: be the energy of the lower energy orbit n: and E that of higher energy orbit nz, 
Then AE -E2-E: 
2n mZ’ NN mZ^e 
8e nh 8e nhk 
E mZ’e mZ’e 
Bnk č Bèr 
mZeé mZ'e 


"8enW Benth 


2 
- nZ'e doow 
8er n nmi 


For Hydrogen, Z = 1 


me* 
SAET gap 5-4 —— (11) 
4 
Here, 8e pi 7218» 1075 J, 
AE = 2.18% 10*4 [1 +] "EE (12) 


2.4.4 Derivation of Frequency 
According to Plank's Quantum theory, 


AE .-hv 
hy 2.18107 Ix [L A] 
nom 
i Qomé p. 0, 
again hv *3 e E = zl 
me 
or v "3d E ES zl Hz or cycles sect ^... (13) 
oh |n? m 


2.4.5 Derivation of Wave Number ( v) 


The relationship between frequency (v) and wave number (") is 
WES 0 0 en (14) 

Where c is the velocity of light. 

Putting the value of v from eq. (13) in eq. (14) 
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= Zime* : " 
or sewer ul PP (15) 
m 
Putting values of constants, gehe T R = 1.09678 x 107 m“, 


R called Rydberg’s constant? 


fa 
ni nj 


sc 1.09678 x 10 1. 


n 


Example 2.2 
Calculate the value of a, of H — atom. 
Solution 
We know that a, = S h? 
ame’? 
The values of the constant are: 
£o = 8.854 x 107? C? J1 m h = 6.626 x 10?^ Js 
n= 3.142 m= 9.11 x 10?! kg 
e= 1.60 x 101? C. 
Putting these values in equation, a, = en 
ame? 
.  8.854x10 " x(6.626x10 7 
j 3.142x9.11x 10?! x(1.60x10 9 
= 29x10" m = 0.529A 
Example 2.3 


Calculate the radius of 3" orbit of electron in H-atom. 
Solution 
m7 a, n? 
As a, 7529x10 m. and n-3 
r = (3x 5.29 x 101m 
=9x 5.29 x 101m 


o 
= 47.61x 101m =4.761A 


Example 2.4 
Calculate energies of nı for (i) 2He* (ii) aLi*? 
Solution: 
4 
2 em 
En = - ke where k= 


EFTE] 
n? 8e; hn? 
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(i) Z=2 for2He*, 


Then Eg -Zk 
He 17 
or p = 4%2.18x107" = — 8.72 x 10718J. 
He 1 
(i)  Z=3 for sLi*? 
OQGYk H |.9x2.18x10^*J 
Li 17 Le 1 
= — 1.962 x 1017 J. 
Example 2.5 
How much energy is required to make electron of H-atom to jump from n 2 2 ton=4. 
Solution: 
AE = Erinal— Einitiat 
Here n -2, & n2-4 
(lower energy orbit) (higher energy orbit) 
So AE = ara pla 
non, 
fa 
-fi-l 
4-1 
lx [se] 
But k = 2.18 x 10718J. 
; AE = 2.18 x 1075 7. J 
= 4.08 x 1019 J 


Self Check Exercise 2.1 
1. Calculate how much energy is required in order to remove electron of hydrogen 
atom. (Ans:2.18x10:18J) 
(Hint consider ni -21,n27 co) 


2. Convertthis energy into » and ¥ (Ans: 3.288x105 s- , 4.096x10^ m1 


2.4.6 Defects of Bohr's Atomic Model 


1. 


2. 


Bohr's atomic model is applicable to one electron system and cannot explain the origin of 
the spectrum of multi-electrons or polyelectronic systems like He, Li, Be etc. 

When a spectrum of Hydrogen gas is seen through a powerful spectrometer, the origin of 
spectral lines are replaced by several very fine lines. i.e., original lines are divided into 
other fine lines. Bohr's theory cannot explain this fine structure. 

Bohr suggested circular orbits of electrons around the nucleus of H-atom. But it is proved 
that the motion of electron is not in a single plane, but takes place in three-dimensional 
space. 

Bohr's theory cannot explain the effect of magnetic field (Zeeman Effect) and electric field 
(Stark Effect) on the spectra of atoms. 
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Zeeman’s Effect: 
“The splitting of spectral lines of H-spectrum under the influence of magnetic field.” 


Stark’s Effect: 
“The splitting of spectral lines of H-spectrum under the influence of electric field.” 


Bohr's picture of an atom is not satisfactory. In Bohr's atom, the electrons are 
moving in orbits with specific velocities in specific radii. But according to Heisenberg's 
uncertainty principle, both the exact position and velocity of electron cannot be 
measured simultaneously. In order to solve this difficulty, Schrodinger gave a wave 
equation for hydrogen atom. According to him, although the position and velocity of an 
electron cannot be found exactly, the probability of finding an electron can be ascertained. 
The maximum probability is at a distance of 0.0529 nm. 

The visual display or dispersion of the components of visible light, when it is 
passed through a prism is called spectrum. These are two types of spectrum: 

(a) Continuous Spectrum: 

When the boundary lines between the colors cannot be marked it is called continuous 
spectrum. 

(b) Line Spectrum: 

When the boundary lines between the colors are separately isolated and marked it is 
called line spectrum. 


2.4.7 Hydrogen Spectrum 


When Hydrogen is enclosed in a container and heated, it emits radiation. These 
radiation are actually emitted due to excitation and de-excitation of electron of hydrogen. 
According to equation 16. 


: | als 
o = R E - n2 m 
1 2 


With this equation, Bohr was able to predict the wave number in the hydrogen 
emission spectrum and the electron transition (changes of energy levels) that occur in 
hydrogen atom. 

The wave number of different spectral lines can be calculated corresponding to the 
values of n, and n, .In the hydrogen spectrum, different series of lines have been identified for 


n, and n, values. These series are, 


Lyman series n 7 1 n, = 2,3,4,5... 
Balmer series n, = 2 n, = 3,4,5,6 ... 
Paschen series n, = 3 n, = 4,5,6,7 ... 
Brackett series n, = 4 n, =5,6,7,8 ... 
Pfund series n, = 5 n, =6,7,8,9 ... 
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meu Only the Balmer series was observed in the visible 
radium part of the spectrum. Lyman series lie in the ultraviolet 
region while the Paschen, Brackett and Pfund series have 
been observed in the infrared region. 


,| Origin of Hydrogen Spectrum on the Basis of Bohr's 

Mo Model. 

The first spectral lines were discovered in 1887 by 
^s. | Lyman and Balmer. No satisfactory reason became 

5 mao available till 1913. Neil Bohr presented his explanation of 


Fig. 2.10: Spectrum of hydrogen line spectra in 1913. 
atom showing electronic transition to 
give different series 


According to Bohr when current is passed through 
the hydrogen gas in the discharge tube at low pressure, the molecules of hydrogen break in to 
atoms. These atoms absorb energy from the electric spark. The electrons of hydrogen atoms 
are excited to high energy levels. The higher energy orbits to which the electron migrate 
depend upon the amount of energy absorbed by the electron. Above diagram shows the 
possibilities of movement of electron from lower to higher levels. 

These excited electrons being unstable come back to one of the lower energy levels. 
The electrons may come to the lowest energy levels. In this way they emit energy, they had 
absorbed. Lyman series is produced when the electrons jump from n=2,3,4,5,6...etc to n=1.In 
Balmer series the electrons from n=3,4,5,6....come back to n=2. 

Let us calculate the various lines of Lyman series, Balmer series, Paschen series, 
Brackett series and Pfund series from Bohr's equation of wave number. 


= D 
o= 1.09678:107 > — zm 
Lyman Series 
The various lines in Lyman series got their explanation by considering that the 
electronos of hydrogen atom fall back to n=1 from higher levels. The higher levels occupied by 
the electrons due to the electric spark. 


First line: n1 n2-2 

b= 1.09678x10" (5 — 5 mt = 8226x105 m1 
Second line: m=1 n=3 

DF 1.09678*107(5 - sm = 97.60x105 m 
Third line: m=1 n2=4 

$ =1.09678x10" (2 — = m= 102.70x105 m^ 
Limiting line: m=1 N2= oo 


v = 1.09678x107 GC - ELE = 109.678x105 m1 
This limiting line shows that the energy difference between the first level and the infinite 
level is the ionization energy of the hydrogen atom. All these lines of Lyman series have close 
values. They appear in the form of a group. These values of wave numbers lie in the UV region 
of the spectrum. 
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Balmer series: 
In this series the electrons fall back to n=2. 


First line (Ha line): m=2 n2=3 

p= 1.09678*10" (= E gm 715.234x105 m1 
Second line (Hf line); n -2 n2-4 

$ = 1,09678*107 (= — —)m' -20.566x105 m 
Third line (Hy line): m=2 n2-25 

> = 1.09678x107 G - zm! 723.05x105 m^ 
Limiting line: m-2 nz = oo 


o = 1.09678x107(7, — —)m' 227.421x105 m 
All these lines of Balmer series are very close to each other and appear in the form of 
group of lines. These lines lie in the visible region of the spectrum. 


Paschen Series: 
The electrons from higher levels fall back to n=3. 


First line: m=3 n2-24 

$ = 1.09678x10'(, — 5 )m" = 5.3310x105 m" 
Second line: m=3 n2-25 

DF 1.09678x107 (7. = zm! =7.799%105 m^ 
Limiting line: m=3 Nz = oo 


o = 1,09678*107 (5 — —)m!212.187x105 m" 
These are again the groups of lines close to each other and appear in IR region. 


Brackett series: 
The electrons from higher levels fall back to n=4. 


First line: m=4 n2=5 v= 2.45x105m' 
Second line: m=4 n2=6 v= 3.808x105 m" 
Limiting line: m=4 N2= oo v= 6.855x105 m1 


Pfund series: 
The electrons from higher energy levels fall back to n=5. 


First line: m=5 n2=6 v= 1.340x105 m1 
Second line: m=5 n2=7 v= 2.148x105 m" 
Limiting line: m=5 n27 oo v= 4.387x105 m1 


2.5 PLANK'S QUANTUM THEORY 


Max Plank (1900) proposed a theory about nature of light. According to this theory, 

(a) Energy is not emitted or absorbed continuously. It is emited or absorbed in the form 
of wave packets or quanta. In case of light the quantum of energy is often called 
photon. 

(b) The amount of energy associated with quantum of radiation is directly proportional to 
the frequency (v) of radiation. i.e. 

E av or E-ho | 2 .LeeeeR (1) 
where h = Plank's constant and has a value of 6.625 x 10^ Joules sec. 
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(c) Abody can emit or absorb energy only in terms of integral multiple of a quantum. 


E =nhv where n = 1,2, 3 
Now væ 1/X 
or v=ch 


Where “2” is wave length and “c” is the velocity of light, a constant quantity. 
Putting the value of v in eq. (1), we get 


Eshe  . |) uentis (2) 
Thus greater the value of X, smaller will be the energy. 
Now "EX LZ 2 212 OQ LL OM (3) 


Where v= wave number. 
Putting the value of 1/4 in eq. (2), we get, 
E - hco 
Thus energy of radiation is directly proportional to the frequency. 

So, it can be concluded that the energy of photon is related to frequency, 
wavelength and wave number. The number of waves passing through a point per 
second is called Frequency. The distance between two adjacent crests or troughs 
is called wavelength. It is expressed in A (Where A is an angstrom and one Angstrom 
= 1071?m) or in nanometers (1 nanometre = 10 7? m). 

Example 2.6 

A photon of light with energy 10-19 J is emitted by a source of light. 

a) Convert this light in to the wave length, frequency and wave number of the photon in 
terms of meters, Hertz and m", respectively. 

b) Convert this energy of photon into ergs and calculate the wavelength in cm, frequency 
in Hz and wave number in cm. 


Solution: (a) 
Data: Energy of photon z 108 J 
Wavelength = nu = 
Frequency = v = 
Wave number = v = 
First of all we calculate v 
Formula applied: 
E = hv 
and v = Z 
h = 6.625x10?*Js 
Putting the values of E and h 
_ 10-19] 
5 = pet — — 
6.625x10-3^4]s 
= 0.151x10'5s 1 
= 1.51x1014 s 


From v we can calculate wavelength à 
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Formula applied: 


à e 
H = | 
So, wavelength X = E 
- 3x109ms^! 
i 151x1014571 
à = 1.98x10:$m 
From X we can calculate wave number 
Formula applied: 
Wave number v : 
A 1 
, = ^ 198x10-5m 
v = 0.50x106m 
= 5x105 m1 
(b) Now we convert energy of the photon from joules into ergs; 
1J = 10"erg 
So E = 10°19 x10"erg = 10-ergs 
h = 6.625x10""ergxs or erg.s 
Now calculate frequency in Hz 
Formula applied: 
wow 4 
Putting the values 
= 107 ergs 
5 = er es 
6.625X10-27erg.s 
v = 0.151x1015s 
= 1.51x10'^s! 


Now we can calculate wavelength in cm 


Formula applied: 
[4 


X = S 
Putting the values 
A H 3x1010cms 1 
i 151x1014s-1 
= 1.98x104cm 
Now calculate wave number in cm 
Formula applied: 
$ = d 
- 1 
"o 188x10* 


Lu 
[51] 
x 
= 
c 
io 
[2] 
3 
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2.6 X-RAYS 
mum Wilhelm Roentgen (1895) accidentally discovered 
enitseecuons by piri s that if cathode rays are pointed to fall on a heavy metal 
Wernenicenioen "a »"* | target, there are produced some penetrating short wave 


length rays. He called them the X-rays. The X-rays are 
electromagnetic radiations of very high frequency 
depending upon the nature of anode.  Oftenly a 


cathode "^ tungsten filament is used for this purpose. 
X ray tube nu "Ri speed electrons X-rays are emitted from the target in all 
È i hit tbe reta idrges directions. A small portion of them is used for useful 


: = purpose through the windows. The wavelength of X-rays 
gamz a ps aoe at ^ produced depends upon the nature of target metal. 
SE ater (ont Cuca) Every metal has its own characteristic X-rays. 


2.6.1 Atomic Number and X-rays 
Moseley undertook a systematic and comprehensive study of X-rays in 1913. His 


i 
researches covered a range of wavelengths 0.04 — 0.08 A. 

Moseley proved that the frequencies of X-rays increase in a regular manner from one 
element to the other in the Periodic Table. He further suggested that the frequencies of these 
rays are directly proportional to the no of protons in the nucleus. The no of protons in the 
nucleus is called "Atomic Number". 

Moreover Moseley drew the following conclusions from the detailed analysis of spectral 
lines which he obtained from 38 different elements. (from AI to Au) as targets in X-rays tube. 

(a) The spectral lines could be classified into two distinct groups. One, which 
belongs to shorter wavelength, called K-series and the other with longer 
wavelength called as L-series. 

(b) If the target element is of higher atomic number the wave-length of X-rays 
becomes shorter. 

(c)  Arelationship between frequency (v) and atomic number (Z) of the elements is 
given as 
Jo -a(Z-b) 

This is called Moseley Law. Where a and b are called constant quantities. This law 


states that the frequency of a spectral line in X-ray spectrum varies as the square of 
atomic number of an element emitting it. 


2.6.2 X-Rays, Atomic Numbers and Orbital Structure 


In 1913 Henry G. J. Moseley, a student of Rutherford, used the technique of X-rays 
spectroscopy (just discovered by Max von Laue) to determine the atomic numbers of the 
elements, X-rays are produced in a cathode-ray tube when the electron beam (cathode ray) 
falls on a metal target. The explanation for the production of X-rays is as follows: When an 
electron in the cathode ray hits a metal atom in the target, it can (if it has sufficient energy) 
knock out an electron from an inner shell of the atom. This produces a metal ion with an 
electron missing from an inner orbital. The electronic configuration is unstable, and an electron 
from an orbital of higher energy drops in to the half-filled orbital and a photon is emitted. The 
photon corresponds to electromagnetic radiations in the x-ray region. 
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2.6.3 Uses of X-Rays 


1. X-rays have different penetrating powers for different types of matter. X-rays cannot 
pass through metals, but they can pass through plastic, leather etc. easily. That’ s why 
they can be used for security purposes to photograph interior of objects. 

They are used in medical radiography to locate fracture in the bones. 

In England, in 1913 William Bragg and Lawrence Bragg used X-ray diffraction (XRD) 
technique to study the crystal structure. 

4. X-rays can be used to ionize gases. 


2.7 THE QUANTUM NUMBERS AND ORBITALS 


Schrodinger in 1926 gave an equation in which electrons are treated as moving with 
wave like motion in the three dimensional space around the nucleus. It differs from Bohr's 
atomic model in the sense that the electrons move in orbits. It also specifies the distance 
between the electron and the nucleus. 

The solution of Schrodinger's wave equation gives certain mathematical integers. These 
sets of numerical values, which give the acceptable picture of an atom, are called Quantum 
Numbers. There are four quantum numbers which can describe the electron completely. 

1. Principal Quantum No. (n) 

It determines the size of the orbit and the distance from the nucleus. Greater the 
distance from the nucleus, larger will be the size of the orbit. The shells are named as, 

If nz1—K shell. 


om 


n=2—Lshell. 
n=3—Mshell. 
n=4—N shell. 


The number of electrons accommodated in an orbit is given by 2n?. 
The no of electrons accommodated in various orbits are as follows, 
K=2, L=8, M= 18, N = 32. 

The higher the value of n, the higher will be the energy of the electron and space 
around the nucleus. 
2. The Azimuthal Quantum No. (/) 

It describes the shape of an orbital. Its value is always one less than that of value of 
n. The various energy sub-levels (/) are s, p, d, f having at the most 2, 6, 10 and 14 electrons 
in them respectively. They are designated as s for sharp, p for principal, d for diffused and f for 
fundamental. The values of / are: 


P$0......... (n -1) 
The maximum number of electrons in a subshell is given by a formula: 2(2/ +1) 
If, n - 1 (K), l 20 (s), and e-2 

n=2/(L), { 2 0 (s) and 1 (p), and e-2,6 

n - 3 (M), [ =0 (s), 1(p), and 2(d) and e=2,6,10 

n=4 (N), { 2 0 (s), 1(p), 2 (d) and 3 (f) and e= 2, 6, 10, 14 
From here we conclude that the number of orbit gives the no of orbitals. 
i.e. nz1(K) orbital =1s 

nz-z2(L) orbitals = 2s, 2p 

n=3 (M) orbitals =3s,3p,3d 

n=4 (N) orbitals = 4s, 4p, 4d, 4f. 


The shapes of orbitals described by Azimuthal Quantum number are 
s = spherical, p = dumbbell, d = sausage and f = complicated. 
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3. Magnetic Quantum No. (m) 
t explains the effect of an orbital in the magnetic field. It is related with Azimuthal 
Quantum number as follows: 


m +4 »0 »—( 


f | = o (s), m = o. It means that an s-orbital is spherical in shape because it is not 
deflected in any particular direction on placing in a magnetic field. 
f l = 1 (p), m = + 1, 0, —1. It means that a p—orbital can be deflected in three directions on 
placing in a magnetic field. i.e. a p-orbital splits in to three degenerate orbitals in a magnetic field. 
[4:32 (d), then m = +2, + 1, 0, —1, —2. It means that a d-orbital can be deflected in 
5-directions on placing in a magnetic field. 
f l = 3 (f), then, m = + 3, + 2, +1, 0, -1, 22, —3. i.e. an f-orbital can be deflected in 7— 
direction in a magnetic field. 

The whole discussion shows that magnetic quantum number determines the orientation 
of orbital. 


4. Spin Quantum Number (s) 

It describes the direction of spin of an 
electron. In 1925 Goudsmit suggested that an 
electron while moving in an orbital around the 
nucleus also rotates or spins about its own 
axis either in a clockwise or anti-clockwise 
direction. It may be 50% clockwise (4) (t) 

2 


Magnetic N 


and 50% anti-clockwise (io: 
2 


Figure 2.12: Two different spins of electrons and HC à = 
: their enel Talis This is also called self-rotation. This 


spinning of electron is associated with a 

magnetic field and hence a magnetic moment. 

The circular path of an electron around the nucleus is 
called an orbit. The orbits or shells are denoted by K, L, M, N 
etc. The orbits of an atom can be shown as in figure 2.13. 

A cloud showing the probability of finding the electron 
in terms of charged cloud around the nucleus is called 
Electron Cloud. 


2.7.1 Shells and Sub-Shells or Orbitals 


Nodes 


aa The circular paths in which electrons revolve around 
Figure 2.13: Shapes of orbits the nucleus are called orbits or shells. An orbit or a shell 
or shells consists of the orbitals or sub-shells. 


Shapes of orbitals 


s-orbital: 
Q An s-orbital is spherical and symmetrical in shape. 


is With the increase of value of n, the size of s-orbital 
2s increases e.g. 2s orbital is larger in size than 1s — orbital. The 
3s probability of finding the electron is zero between two 

Figure 2.14: Shapes of s orbitais —Orbitals. This plane is called nodal plane or nodal surface. 
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p-orbitals: 

A p-orbital is dumbbell in shape and has 
three directions in space. Such orbitals which 
have different directions but equal energy are 
called "Degenerate Orbitals". 


d — orbitals: 
These orbitals have dumbbell like 


Figure 2.15: Shapes of p orbitals 


structures and can move in the 5-directions. They are dxy, dyz, dz, d x% y? and dz. 


x Ex $e. 9, 
3d. p 
y 3d, 3d, 3d, 3d, 


Figure 2.16: Shapes of d orbitals 


In the absence of magnetic field all the five d-orbitals are degenerate. 


f-orbitals: 


It has seven directions in space on placing in a magnetic field, which are very 


complicated to draw. 


Describe the allowed combinations of the n, / and m quantum numbers when n - 4. 


Example 2.7 
Solution: 
The allowed combinations are 
n l m 
4 0 0 
1 -1, 0, +1 
2 -2, -1, 0, +1, +2 
3 -3, -2, -1, 0, +1, 


+3 


2.8 ELECTRONIC CONFIGURATIONS 


The representation of filling of electrons in different 
orbitals of an atom is called its electronic configuration. 
2.8.1 The Relative Energies of Atomic Orbitals 

The relative energies depend upon the size of the 
orbitals and therefore, according to the Principal Quantum 
Number (n), an s — orbital has the lowest energy and 


increases as follows. 
s<p< d<f 


The relative energies are arranged in the figure 


2317. 


Figure 2.17: Energy sequence of 
different orbitals of an atom 


é 
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The following facts must be observed before writing the electronic configuration of an atom. 
(a) An orbital like s, px, py, pz, dxy etc. can have maximum two electrons. 
(b) The energy order of an orbital is governed by "n + 7” rule, (where / -value is the value of 
Azimuthal Quantum number). This states that 
(i) An added electron will always enter in an orbit having lower n + / value. 
For example 2s, n=2, [ 20, n*íz2 
3d, n-3, f=. n+(=5 
So, 2s-orbital is filled first because it has lower value of n + | than that for 3d orbital. 
(ii) If n + / values of two orbitals are same, then the orbital with lower n value has lower 
energy and electron will be added to that orbital first. For example 
4p, n=4, [21, n+(=5 
3d, n-3, [ 22, n*fz5 
But here 3d orbital is filled first because the value of n for 3d is smaller than that of 4p 
therefore an added electron would enter in 3d orbital first than that of 4p. 


2.8.2 Rules for Distribution of Electrons in Different Orbitals 


Auf-Bau Principle: 
The electrons are placed in energy sub-levels in the order of increasing energy values 
of sub-levels. 


Pauli's Exclusion Principle: 

According to it "No two electrons in the same orbital can have the same set of four 
Quantum numbers. 

Let us take the example of an orbital having two electrons. 


1 
For first electron: n=1, {=0, m=0, s- ex (t 


1 
For second electron: n=1, {=0, m=0, s=- 2 (3) 


So this orbital will have a maximum no. of two electrons with opposite spin i.e. (TW). Such an 
orbital is said to be completely filled and may contain a single electron in it, called as un-paired 
electron. 


Hund's Rule: 

If degenerate orbitals are available for electrons, then electron would like to live in 
separate orbitals and have rather parallel spin. It means that the arrangement CO will be 
more stable than the arrangement @O, provided the two circles represent the orbitals of equal 
energies. The Hund’s rule can be applied to predict the valency of an element because the 
numbers of unpaired electrons give the valency of that element. The rule is equally applicable 
in case of hybridized orbitals and molecular orbitals which are degenerate 


4t T tt T T " 
eg. O=8 (15,2 s,2px,2 py,2pz) Divalent 
wow oT T ft : 
N-7 (15,2 s,2px,2 py.2 pz) Trivalent 
tt t yt tt it 
Ne =10 (15,2 s,2px,2py.2 pz) No valency or zero valency. 
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But in case of carbon 


C=6 (15,2 8,2px,2py,2p2) 
It looks divalent but actually it is tetravalent. 
Example 2.8 
Pick the orbital with the lower energy from each of the given pairs. 
(a) 3d, 4s, (b) 2p, 3s, 
Solution: 
We apply n+ rule here, 
(a) For 3d, n=3, [ =2, n+/=5 
For 4s n=4, [ =0, nt+/=4 
So, 4s—orbital will be filled first because it has lower energy than that of 3d. 
(b) For 2p, n=2, ( =1, n*( =3 
3s, n=3, [ =0, n+/=3 
As the values of n +/ are equal in both the cases, therefore, 2p will be filled first than 3s. 
Example 2.9 
Write the electronic configuration of 21Sc, »sMn, 30Zn. 
Solution 
21Sc = 1s? 2s? 2p? 3s?3p5 4s? 3d1 or [Ar] 4s? 3d' 
2sMn = 1s? 2s?2p 3s?3p64s?3d5 or [Ar] 4s?3d5 
30Zn = 1s? 2s?2p® 3s?3p54s?3d'? or [Ar] 4s23d"° 


Fa Self Check Exercise 2.2 


Write the electronic configuration of following elements: 
; 40 " 35 ^ 27 
(i) Ca (i) © 47Cl (i) 43Al 


References for additional information 
* Philip Mathews, Advanced Chemistry. 
* Martin S. Silberger, Chemistry, The molecular Nature of matter and change. 
* John C. Kotz, Paul M. Treichel and Gabriela C. Weaver, Chemistry and chemical reactivity. 
= E. N. Ramesden, A — Level chemistry. 


1 Choose the correct answer (MCQs). 
i. For which species Bohr's theory does not apply; 


(a) H (b) He* (c) Li?* (d) Be 
ii. From the discharge tube experiment, it is concluded that; 
(a) Mass of a proton is in fraction. (b) Matter contained electrons. 


(c) Nucleus contains positive charge. (d) Positive rays are heavier than protons. 


| 
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iii. — When an electron of charge 'e' and mass ‘m’ moves with velocity 'v' about the 
nuclear change Ze in the circular orbit of radius 'r', the P.E of electron is given by; 


(a) Ze?/r (b) -Ze?/r (c) Ze?/r? (d) mv?/r 

iv. Which of following tell about shells of an atom? 
(a) Principal quantum number, n (b) Azimuthal quantum number, / 
(c) Magnetic quantum number, m (d) Spin quantum number, s 


v. Electronic configuration of species M?* is Is? 2s? 2p 3s? 3p® 3d and its atomic weight 
is 56 number of neutrons in the nucleus of species M is 
(a) 20 (b) 26 (c) 28 (d) 30 
vi. The energy of an electromagnetic radiation is 3 x 101? ergs. What is its wave-length 
in nano meters? 
(a) 400 (b) 228.3 (c) 3000 (d) 662.5 
vii. Which of the following configuration is not correct according to Hund's rule? 


(a) N NIT|' (b) ^ uq, 


(c) N N| ft (d) N Fi tit 
viii. Which one of the following statement is not correct? 
(a) Rydberg’s constant and wave number have same unit. 
(b) Lyman series of hydrogen spectrum occurs in the ultraviolet region. 
(c) The angular movement of the electron in the ground state of hydrogen atom is 
equal to h/2x. 
(d) The radius of first Bohr orbit of hydrogen atom is 2.116 x 10? cm. 
ix. Which one of the following is not isoelectronic pair? 
(à Mg”, Be* (b) De", O> (c) N, F- (d Na“, Ace 
x. The third line in Balmer series corresponds to an electronic transfer between which 
Bohr's orbit in hydrogen. 
(a) 553 (b 522 (c) 433 (d 422. 
Short questions and answers: 
[* How mass of electron can be calculated from e/m ratio and charge? 
ii. | How does Mosley's Law help in the production of X-rays? 
iii. | Which quantum number is also called sub-shell quantum number? 
iv. Whatis the difference between orbit and orbital? 
v. What is the relationship between? 
(a) energy and wavelength 
(b) frequency and wavelength 
vi. Which species are formed by the decay of neutron? 
vii. Hydrogen atom and He* are mono electronic system, but the size of He* is much 
smaller than H, why? 
viii. Why is 4s orbital lower in energy than 3d orbital? 
ix. Write electronic configuration of ,;Mn , Zn, and ,,Al . 
x. What is (n+/) rule? 


xi. 


Xii. 


xiii. 
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Point out the defects of Bohr's Model. How these defects are partially covered by 
dual nature of electron and Heisenberg's uncertainty principle. 
Calculate the energy of electron of a hydrogen atom in the orbit for which the value 
ofn-3. Ans. E, = —145.92 kJ mole" 
Bohr's equation for the radius of nth orbit of electron in the hydrogen atom is 
2n2 

men 

(a) When the electron moves from n = 1 to n = 2, how much does the radius 
change? 

(b) What is the distance travelled by the electron when it goes from n = 8 to n = 3? 


Ans. (a) 1.587 A (b) 29.095 A 


THEORIES OF COVALENT BONDING 
AND SHAPES OF MOLECULES 


EI 
m After completing this lesson, you will be 
m able to: 


e Describe the features of sigma and pi bonds. 


e Describe the change in bond lengths of hetero-nuclear molecules due to difference in electronegativity 
values of bonded atoms. 


e Describe the difference among molecular, network and metallic solids. 

e Explain what is meant by the term ionic character of a covalent bond, 

e Use VSEPR and VBT theories to describe the shapes of simple covalent molecules. 
e Describe the shapes of some molecules using orbital hybridization. 

e Predict the molecular polarity from the shapes of molecules. 


e Determine the shapes of some molecules from the number of bonded pairs and lone pairs of electrons 
around the central atom. 


e Define bond energies and explain how they can be used to compare bond strengths of different chemical bonds. 


e Describe how knowledge of molecular polarity can be use to explain some physical and chemical 
properties of molecules. 


is 12 day son 
mework) 


INTRODUCTION 


In this chapter we will discuss the shapes of molecules on the theoretical basis and 
some factors affecting their shapes and behaviours. We start by describing the VSEPR 
(valence shall electron pair repulsion) model, which allows us to connect two dimensional 
Lewis structures into three dimensional shapes. 

You will see how molecular shape and bond polarity combine to create a polarity for the 
entire molecules and how molecular shape influences biological function. Then we consider 
two bonding theories based on quantum mechanics. Valence bond theory explains how the 
observed shape arises from the interactions of atomic orbitals. Molecular orbital theory 
proposes the existence of orbitals that extend over the whole molecule. 

The Lewis concept of formation of covalent bond as a shared pair of electrons 
between two atoms does not explain shapes of molecules. Similarly, many other properties 
such as bond energy, relative strengths of bonds, and paramagnetism cannot be explained 
on the basis of this concept. However, modern theories of chemical bonding not only 
explain most of our experimental observations, but also allow us to predict the shapes and 
geometries of molecules. These theories can also be used to predict many physical and 
chemical properties of molecules. 
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3.1 SHAPES OF MOLECULES 


3.1.1 The Valence Shell Electron Pair Repulsion Theory 


The shapes of molecules can be predicted by Valence Shell electron pair repulsion 
(VSEPR) theory. 

This theory was suggested by Sidgwick and Powell (1940). According to this theory, the 
shapes or geometry of a molecule or ion depends on the number of shared pairs as well as the 
lone pairs of electrons around the central atom of the molecule or ion. 

Gillespie and Nyholm in 1957 proposed that the arrangement of atoms in a molecule is 
mainly determined by the repulsive interactions among all electron pairs in the valence shell of 
central atom. 


Postulates of VESPR Theory 
The postulates of VSEPR theory are as follows: 

1. The electron pairs present around the central polyvalent atom are arranged in space as 
far apart as possible so that, there is minimum repulsion between them. 

2. A non-bonding pair or lone pair of electron occupies more space on the surface of an 
atom than a bonding pair. 

3. Both the lone pairs as well as bond pairs determine the geometry of the molecules. 

4. The magnitude of repulsion between the electron pairs in a given molecule decreases in 
the following order. 

Lone pair — Lone pair > Lone pair - Bond pair > Bond pair - Bond pair 
A Lone pair causes deviation from ideal bond angles, which in turn change regular 
geometry. 

5. The two electron pairs of a double and three electron pairs of a triple bond contain a 
higher electron charge density. Therefore, they occupy more space than one electron 
pair of a single bond. However they behave like a single electron pair in determining the 
geometry of the molecules. 

Applications of VSEPR Theory 
The molecules and ions will be classified according to the number of electron pairs present 
in them, irrespective of the fact whether they are of bonding or nonbonding type. In order to 
illustrate this theory, consider hypothetical molecules having central atom "A" with more than one 
"B" type atoms bonded with it. Lone pair if present in the molecules is represented by "E". 
(a) Shapes of molecules containing two electron pairs around a central atom. AB2 Type 
A molecule having two bond pairs of electrons but no lone pair around a central atom 
always has a linear geometry, because such an arrangement of atoms keeps the two 
pairs as far as possible. The bond angle will be 180°. 
:Cl- x Bex: e or Cl Be——Cl: 
(b) Shapes of molecules containing three electron pairs around a central atom. 
ABs, AB2E Type 
(i) ABs type with no lone pair 
A molecule having three bond pairs of electrons but no lone pairs around a central 
atom always has a planar triangular geometry, because such an arrangement of atoms 
keeps the three pairs of electrons as far apart as possible. The bond angle will be 120°. 


(c) 


(ii) 


(iii) 
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Example: (BCls) 
Boron trichloride (BCI) is a typical example of molecules, which j 
contains three bond pairs of electrons. BCI, has trigonal planar 120° C y 120° 
shape. The bond angles will be 120° each. Other examples of ata 
this type are: AIH,, AICI,,GaH,,InH, 
AB;E- type with one Lone pair and two bond pairs 
Examples: PbCI, molecule 

SnCI, molecule 
In case of PbCI, and snci, molecules, there are three CI 
electron pairs around the central atoms, one lone pair Go» Pb 
and two bond pairs. According to VSEPR concept the N 
lone pair (non-bonding) of electron occupies more CI 
room and exerts a greater repulsion on the bond pairs 
resulting in the shortening of Cl-Pb-Cl angle. Thus, 
the shape of PbCI, molecule is distorted and becomes angular or V-shape with 
CI-Pb-CI bond angle less than 120°. 
AB; type with multiple bonds 
Examples: SOs 
In SO,, all the three regions are occupied by S — O bonds. There is no n" 
lone pair hence the structure will be perfectly triangular having 120?. Ey 


120° 


V. shaped PbCl? molecule 


Shapes of molecules containing four,electron pairs around a central O0 
atom ABs, ABsE & AB2E2 Type. 


() 


(ii) 


AB, type with no lone pair 
A molecule having four bond pairs of electrons but no lone pairs denm 
around a central atom always has regular tetrahedral geometry, L 


because such an arrangement of atoms keeps the four pairs of Hee," 
electrons as far apart as possible. The bond angle will be 109.5°. 
The atoms are at the four corners of a regular tetrahedron. 
Examples: CH, (Methane), CCI,, SiF,, SnCl, etc. 
Methane is a typical example of this type. 
AB3E type with one lone pair and three bond pair 
A molecule having three bond pairs and a lone pair around the 1017 prn 
central atom has triangular pyramidal geometry instead of HOH 
tetrahedral. Due to repulsions between lone pair and bond pairs, H 107.8 


the bond angles are reduced to 107.5° instead of 109.5°. 
Example: NH, is a typical example. 


Other examples: PH,, ASH}, SbH,, etc. 


(iii) AB;E; type with two Lone pairs and two bond pairs 


In this case, presence of two lone pairs, introduces three types of repulsions i.e. 
lone pair-lone pair, lone pair-bond pair and bond pair — bond pair. 
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Example: H,O, H,S etc. 

VSEPR theory, successfully justifies the experimental results by arguing the 6 95.84 pm 
participation of lone pair in addition to bond pairs in determining overall uem 
geometry of water molecule. Two of the corners of a tetrahedron are 

occupied by each of the two lone pairs and remaining by bond pairs. But due to spatial 
arrangement of lone pairs and their repulsion among themselves and with the bond pairs, the 
bond angle is further reduced to 104.5° and geometry becomes V shaped. 


Table 3.1: Bonding and the shape of Molecules 


Table 3.1: Bonding and the shape of Molecules 


2 0 2 Linear BeClHgCLCO,| | o——Q-——o 
a i AB, 
3 0 3 Triangular BF, AlBr, CHO Be 
i $ AB, 


2 1 3 Bent SO, , O, AN 
Al 


4 0 a | Tetrahedral | CH, CBr, sici, Je 


3 1 E Pyramidal NHs PCI T 
2 2 4 Bent H2O H:S SC S A 


5 0 5 Trigonal PCls 
bipyramid 
6 0 6 Octahedral SF, D 


AB, 


(d) Molecules containing five electron pairs ABs — type 
With the increasing number of electron pairs, it becomes increasingly difficult to visualize 
the true shapes of the molecules. Thus a central atom containing five electron pairs 
presents a more complicated system. A trigonal bipyramid arrangement ci 
— represents a structure in which five electron pairs can have minimum 90° 
repulsion. In PCI,, there are five electron pairs in the valence shell of pe 
phosphorus atom. All of them are bonding pairs and thus PCI, i27] 
molecule adopts trigonal bipyramidal structure. CI 
(e) Molecules containing six electron pairs (ABe — type) 
Molecules, in which the central atom has six electron pairs, adopt 
octahedral geometry. The examples of such molecules are SF., F. í, 3 
s M S 
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SeF, TeF, - p 
Prediction of shape of molecules: F F 
The following steps are generally required to predict geometrical shape F 


by VSEPR-method. 
1. Draw dot diagram for the molecule. 
2. Determine the number of valence electrons surrounding the central atom. 
3. Determine the number of bond pairs and lone pairs of electrons. 
4. Determine the geometrical distribution of electron pairs so that they are as far apart 
as possible. 


Example: 
Predict the shape of H,S. 


Solution: 

Valence electrons of S-atom = 

Electrons contributed by 2H-atoms = 

Total no. of electrons around S-atom = 
Electron pairs = 
Bond pairs = 
Lone pairs = 2 

Thus H2S is AB2E2 type molecule. It will possess V-shaped geometry 


3.2 THEORIES OF COVALENT BONDING 


There are two theories which are used to understand the nature of covalent bond. 
(i) The Valence bond theory (VBT) 
(ii) The Molecular orbital theory (MOT) 


3.2.1 The Valence bond theory (VBT) 


This theory was proposed by Heitler and London (1927) and later on developed by 
Pauling. This concept is based on wave — mechanical treatment of molecules and has been 
successful in explaining the bond energies, bond lengths and shapes of covalent molecules. 

According to valence bond theory, a covalent bond between two atoms is formed when 
the atoms come so close that a partially filled atomic orbital of one atom overlaps with a 


NERO PK Oo 


H H 
pd 
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partially filled atomic orbital of the other. The two overlapping atomic orbitals retain their 
identity. The term overlap means that the two orbitals share same common region in space. 


Postulates of VBT: 

1. A bond between two atoms is formed by the overlap of half filled atomic orbitals of two 
atoms. The two overlapping atomic orbitals retain their identity. 

2. The two overlapping orbitals must have electrons of opposite spin. 

3. The number of bonds formed by an atom is equal to the number of unpaired electrons 
present in the valence shell of the atom. 

4. If only two orbitals overlap, a single bond is formed. If additional orbitals of atoms 
overlap then multiple bonds are formed. 

5. |n order to form a bond, the overlapping orbitals must have the same symmetry with 
respect to the bond axis. 

"A line joining the nuclei of two bonded atoms is called bond axis" 

6. In overlapping of orbitals energy is released. The greater the overlap between the 

orbitals, the greater is the energy released and the stronger will be the bond formed. 


Types of overlapping and nature of covalent bonds 
There are two main types of covalent bonds which are obtained by overlapping. These 
are: 
e Sigma bond (c) 
e Pi Bond (x) 


CO) 


(c) Sigma bond 


Sigma bond (c) 
"Any first bond formed between two | B 
partially filled atomic orbitals by head S 
on overlap is called sigma bond" 


O; 
H 
In a sigma bond, the region of highest L ; 
electron density is symmetrically distributed 2 ef - es z 
$ 


around the bond axis. The probability of 


ses x T n Sigma (c) bond 
finding the electron is maximum in the region 

between the two nuclei. The first bond ! 
formed between any two atoms is the sigma eren - SSS 
bond. All single covalent bonds are sigma Sigma (a) bond 
bonds (c) and the electrons occupying a i s POEA E? ve " 
bond are called c electrons. b) The s - p overlap ( c) The p 


A sigma bond is formed by the overlapping 


Figure 3.1: Formation of Sigma bonds 
of the following types as shown in figure 3.1. 


Pi (x) bond p orbital + p orbital ('side-on' overlap) 
"A bond formed between two already c bonded ( ] ( 2 
atoms by the sidewise overlap of their two half | ¥ 
filled p-atomic orbitals whose axes are parallel { M 
is called a Pi (z) bond. ( 


In the formation of pi bond, the two overlapping EINTSHETASHEWESWWE 
p-orbitals must be coplanar and their axes must be eps py orbitals MEENE 
parallel. The electron density in this bond is z bond 


unsymmetrical around the bond axis. 

The probability of finding the electron is maximum in the region above and below the line 
joining the two nuclei. The overlap of p-orbitals in pi bond formation is not as good as in sigma 
bond. A pi bond is weaker than a sigma bond. One or two pi bonds can form between any two 
atoms already bonded covalently. 

x bond is formed by side wise or lateral overlap between two p-orbitals which have their 
lobes perpendicular to the molecular axis. The side wise overlap is not too efficient, so result is 
a weak bond. That's why sigma bond is always stronger than a pi bond. 
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Remember: 

a) In case of pi bond formation which is over a covalent bond, the electron density is greatest 
above and below the line joining the two nuclei and this is also called nodal plane. 

b) Only pure, parallel, co-planar, half filled p-orbitals on adjacent atoms can form a x bond. 

c) Only one bond in any multiple bonds can be a sigma bond, the remaining bonds are pi 
bonds. 

d) In case of hybridization, the overlapping of any hybrid-orbitals always produces a sigma (c) 
bond. 


Applications of Valence bond Theory 

Single Bond Formation 
a) Formation of H; molecule 

Each H atom has the electron configuration 1s. As two hydrogen atoms approach each 

other, their half filled 1s orbitals overlap, giving H-H bond. The overlap of orbitals provides a 
means for sharing electrons, thereby allowing each 1s to complete its valence shell. The 
electron density is concentrated in the region along the line joining the two nuclei. The bond 
formed is a sigma (c) bond. 


s-soverlap 
© + © 2 H-H (6 -bond) 
1s! Así 
bond axis 
b) Formation of Clz molecule 
The electronic configuration of chlorine is: "m" 
1s 2s 2p 3s 3px3py 3p; | 
"C = p) [4 Ay 4] 4 ty wt} 4] ol 
i 
47Cl = CI ! i d 
4| (4 omg ^ ajaja] ! 
| 


Each Chlorine atom has one half-filled 3pz orbitals. On the basis of VBT, sigma bond is 


formed between two Cl atoms by head on overlap of half-filled 3p; atomic orbital of each 
chlorine atom. 
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Figure 3.4: Orbital diagram of Clz 
c) Formation of HF molecule 
The electronic configurations of F and H atoms are: 


m 2px 
1s 2s 2px Apy 2p. 2py 


oF = [a] [4] [4 ap 
i 


=> 


H= 
Ts 


Figure 3.5: Orbital diagram of HF 


In the formation of HF molecule, the half-filled 1s orbital of H atom overlaps with the half- 
filled 2pz orbital of F to form c bond. 


Multiple bond formation 
a) Formation of O; molecule 
Oxygen molecule, 0,is obtained by the combination of two oxygen atoms. Electronic 


configuration of an oxygen atom is: 


1s 2s 2pxi2py 2pz ! 
4] [4 DE 1 


80 


80 


= 


4| | 4b 4| 4 


| 
l 
i} 
| 
i 


Figure 3.6: Orbital diagram of O2 
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Each oxygen atom has two half-filled 2p orbitals in the valence shell. On the basis of 
VBT two covalent bonds can be formed between two O atoms. One bond is formed by the 
end-to-end overlap of half-filled 2p, orbitals on each oxygen atom. This gives a c bond. The 
second bond is formed by the side-to-side overlap of half-filled 2p, orbitals on each oxygen 
atom. This gives a x bond. Thus a double bond is formed between two oxygen atoms. One is o 
bond while the other is z-bond. 
b) Formation of N, molecule: 


Nitrogen molecule, Nz is formed by the combination of two N atoms. The electronic 
configuration of N atom is: 


ls 2s I2p2p,2p,| N 
Ne d) ul CERT 


Figure 3.7: Orbital diagram of N2 


Each N atom has three half-filled p orbitals. On the basis of VBT, three covalent bonds 
can be formed between two nitrogen atoms. When the two nitrogen atoms approach each 
other, their 2px orbitals undergo end-to-end overlap, giving a c bond. The end-to-end 
overlapping brings the two nitrogen atoms so close together that their parallel 2p orbitals 
undergo side-to-side overlap to produce two pi bonds. Note that each x bond is in two 
separate regions surrounding a c bond. There are five distinct regions of electron charge 
density in the nitrogen molecule. 

i. Theo electrons between the nuclei forming a c bond. 

ii. The x electrons above and below the c electrons forming a x bond. 

iii. The x electrons in front of and behind the c electrons forming another x bond. 

Thus a triple bond is formed between two nitrogen atoms; one is c bond while the 
other two are x bonds. 

Hybridization of Atomic Orbitals 

Valence number shown by any element generally corresponds to the number of partially 
filled (half-filled) orbitals in an atom of that element. However this is not always the case 
because if only the unpaired electrons in an atom were permitted to form bond, e.g. beryllium 
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whose electronic configuration is 1s? 2s? would be inert. Boron which has the electronic 
structure 1s? 2s? 2px! would have a valency of one and carbon (6C) with the electronic 
configuration 1s? 2s? 2px! 2py! would show a valency of two. In actual practice, beryllium 
shows a valency of two, boron has a valency of three and carbon has a valency of four. 

Pauling and Slater resolved this discrepancy by introducing the concept of orbital 
hybridization which involves mixing of the pure s and p (one or more) orbitals of an atom to 
form new hybrid orbitals, before the bonding process takes place. The number of hybridized 
orbitals are equal to the number of atomic orbitals overlapped. A bonding process can then be 
considered as a process of overlapping the hybrid atomic orbital of one atom with a pure or 
hybrid atomic orbital of another. 

As we know simple valence Bond theory does not explain the covalent bond formation 
of certain elements. So modification in this theory was made in the form of "hybridization 
concept". 

So a process of mixing atomic orbitals of different energy and shape to form set of 
new orbitals of the same energy and same shape is called hybridization and the orbitals so 
obtained are called “hybrid orbitals”. According to this concept atomic orbitals differing slightly 
in energy intermix to form new orbitals of equal energies and are called hybrid orbitals which differ 
from the parent atomic orbitals in shape and energy and possess specific geometry. It also gives a 
satisfactory explanation for the valency of the elements. In this process, the electron belonging to 
the ground state structure are promoted to the excited state as a result of which there is an 
increase in the number of unpaired electrons. 


The atomic orbitals, undergo hybridization. The 
energy required for the excitation is compensated by the 999 
energy released during the process of bond formation with æ + 
other atoms. Depending upon the nature of orbitals TY) Y 
9.5* 


involved there are many types of hybridization. 

For example, sp?, sp?, sp hybridization | 
(i) sp? Hybridization A 

“The process of mixing one’s orbital and three p ( 099 
orbitals to form four new equivalent sp? hybrid orbitals aea 
is called sp? hybridization” 

Let us discuss the structure of methane, ammonia 
and water by understanding the sp? hybridization of carbon, Figure 3.8: Structure of sp? 
nitrogen and oxygen atoms. USERS ETS 

a) Structure of Methane 


sC (Ground state) =1s?, 25^ 2pj, 2p), 2p; A 
sC' (Excited state) 7 1s?, 2s" 2p}, 2p}, 2p! icta Ek v 
eC (Hybrid state) 71s? , (sp)! (sp?)', (sp?)!, (sp?) "d 45 


4 s-orbital —3 p-orbitals 


eooo geometry 
4 sp-orbitals 


| — sigma (s) bonds| 


When carbon atom in a molecule is attached to four 
other atoms, then sp? hybridization occurs. 

Each sp? hybrid orbital consist of two lobes, one Figure 3.9: Structure of Methane (CH) 
larger and the other smaller. The energies of hybrid orbitals 


are lower than unhybridized orbitals. Further the ratio of s and p character in each sp? hybrid 
orbitals is 1:3 i.e. it contain 25% S-character and 75% P-character. The four new hybrid 
orbitals of equal energy have a tetrahedral geometry with carbon at the centre and are 
oriented in space in such a manner that the angle between them is 109.5? as shown in the 
figure 3.9. 

Methane molecule is formed by the overlap of sp? hybrid orbitals of carbon with 1s 
orbitals of four hydrogen atoms separately to form four sigma bonds. The molecule of 
methane, thus formed possesses a tetrahedral geometry. The C-H bonds which result from 
sp?-s overlaps are directed towards the corners of a regular tetrahedron. Each H-C-H bond 
angle is 109.59. The tetrahedral structure of CH4 molecule has four faces and four corners. 

b) Structure of Ammonia, NHs 
In NHs molecule, the central atom is nitrogen. It contains five electrons in its valence 


shell. 
m m m n fri 
N (ground state) -1s 2s 2p, 2p, 2p, 
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N (hybridized state)— n LT[TIT 
sp'sp'sp' sp” 


ee Unshared pair of electron 


H S, 


4) 
Figure 3.10: Structure of Ammonia (NH3) 


Hence one s and three p orbitals of nitrogen atom hybridize to form four sp? hybrid 
atomic orbitals. They are directed towards the four corners of a tetrahedron. One of the hybrid 
orbitals is completely filled by a lone pair of electrons and the remaining three orbitals are half 
filled. The half filled sp? hybridized orbitals of nitrogen overlap with three 1s-orbitals of 
hydrogen atoms. The three hydrogen atoms are located at three corners, whereas the lone 
pair of electron is at the fourth corner of the tetrahedron. This results in a pyramidal molecule, 
in which three hydrogen atoms form the base and the lone pair of electrons the apex as shown 
in the fig 3.10. The experimentally determined value of H-N-H bond angle in NHs molecule is 
107.5? which is less than the normal tetrahedral value of 109.59. The deviation from the 
tetrahedral angle is explained on the basis of repulsion between lone pair and bond pairs. The 
lone pair-bond pair repulsion is greater than bond pair-bond pair VN 
repulsion. As a result, the bond pairs move away from the lone pair and 
come closer to each other. Hence, the angle between bond pairs 
decreases. 

c) Structure of Water H;O 

In H2O molecule, the central atom is oxygen. It contains six 

electrons in the valence shell. Its electronic configuration is as follows, C H 
8O (Ground state) = 1s?, 2s?, 2px?, 2py', 2pz' Figure 3.11: Structure 
of Water (H20) 
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sO (Hybrid state) = 1s? , (sp?)? (sp), (sp?)!, (sp3)! 

One 2s and three 2p orbitals of O-atom intermix to produce four sp? hybrid orbitals. 
The four sp? hybrid orbitals are directed towards the four corners of a regular tetrahedron 
with oxygen atom at the centre. Two of the sp? hybrid orbitals contain two lone pairs of 
electrons, each and are completely filled. The remaining two sp? hybrid orbitals contain 
one electron each and are partially filled. Thus the two partially filled sp? hybrid orbitals 
now overlap with the two 1s orbitals of two hydrogen atoms to form two sigma bonds. 
Each sigma bond is formed by sp?-s overlap. The two hydrogen atoms are located at two 
corners of a tetrahedron, whereas the two lone pairs at the remaining two corners of the 
tetrahedron. The result is a V-shaped molecule. The experimentally determined value of 
H-O-H bond angle in H2O molecule is 104.5°, which is lesser than the normal tetrahedral 
value (109.5°). The deviation from the tetrahedral angle is explained on the basis of 
repulsion between lone pairs and bond pairs. The repulsion of lone pair-lone pair > lone- 
pair-bond pair > bond pair-bond-pair. As a result, the bond pairs move away from the lone 
pairs and come closer to each other. Hence the angle between bond pairs decreases up 
to 104.5°. 


(ii) sp? - Hybridization 

“The mixing of one s and two p orbitals of the same atom to form three identical 
sp? hybrid orbitals is called sp?-hybridization” 

The hybrid orbitals are directed towards the three corners of an equilateral triangle. The 
angle between any two hybrid orbitals is 120°. Each sp? hybrid orbital has 33.3% s-character and 
66.7% p-character. The sp? hybrid orbitals can form only sigma bonds by overlapping with other 


atomic orbitals. 
2p 
Q | Hybridization, 
2y 


| 


An sp’ hybrid 
orbital 


* sp’ An sp’ hybridized 
atom 


Side view 


Figure 3.12: Structure of Hybridization (sp?) 


Examples: Boron trifluoride and Ethene C ^ 
a) Structure of Boron trifluoride, BF;: s 


In BF3 molecule, the central atom is boron. It contains 
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three electrons in its valence shell. The electronic "M a 

configuration of the valence shell of B-atom in the ground 

and excited states are as follow, r 
B 2 2 1 

sB = 1s, 2s’, 2p,', 2p,, 2p, (ground state) (=) 


= 102 1 1 1 " 
8B = s, 2s, 2p, : 2p, d 2p, (excited state) Figure 3.13: Structure of BF3 


One 2s and two 2p orbitals of boron atom intermix to give 
three sp? hybridized orbitals. The three sp? hybrid orbitals lie in the same plane and are 
directed towards the corners of an equilateral triangle with boron atom at the centre. 

Thus the angle between any two sp? orbitals is 120°. The three sp? orbitals contain one 
electron in each and are thus partially filled. The partially filled 2p orbitals of three fluorine 
atoms overlap with each sp? hybrid orbitals of boron atom to form three sp?-pz sigma bonds. 
As a result, BF3 molecule has triangular planar structure. 

b) Structure of Ethene, CH2 = CH2 

the electronic configuration of corban atom is: 

eC (Ground state) - 1s?, 25^ 2p;, 2p), 2p, 

¿C (Excited state) - 1s?, 2s"2p}, 2p}, 2p; 

«C (Hybrid state) = 1s, (sp? y (sp? ) (se^). 2p} 

In CH, = CH, molecule, one s and two p orbitals of each C-atom intermix to form three 


hybrid sp? orbitals. The geometry of molecules depends upon the orientation of hybrid orbitals. 
Hybrid orbitals are triangular planar and oriented at the angle of 120? to each. 


Each atom is left with one 
half filled p-orbital perpendicular 


to the planar sp? hybrid orbitals. H, Pa 
One sp? orbital of each C-atom C=C 
overlaps linearly to form one C-C 

sigma bond. Remaining two sp? H H 


orbitals of each C-atom overlap 
linearly with 1s atomic orbital of 
H-atom to form two C-H single sp? so sp sp? 
bonds. side view 

A pi-bond is formed by the 
sideways overlap of two half- H 
filled co-planar p-orbitals in such - 
a way that the probability of 
finding the electron is maximum 
perpendicular to the line joining 
the two nuclei. 


sp? sp? 


Figure 3.14: Structure of Ethene 
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(iii) Sp - Hybridization 
“The mixing of one s-orbital and one p-orbital of an atom to form two equal 
energy hybrid orbitals is called sp hybridization” 
The two sp hybrid orbitals are linear and angle between them is 180°. Each sp-hybrid 
orbital has 50% s-character and 50% p-character. The sp-hybrid orbitals can form only sigma 
bonds by overlapping with other atomic orbitals. 


Hybridization | 


p à One sp Another sp 
* hybrid. hybrid 
Wo ay yey, orbital orbital 


orbitals 


An sp-hybridized 
atom 


T. 4 overlapping overlapping ^ overlapping 
» - 


Figure 3.15: Structure of sp Hybridized orbitals 
Examples:- BeCl,, C,H, 


a) Structure of BeCl, (Beryllium Chloride) 
In BeClz molecule, the central atom is beryllium atom. Beryllium atom contains two 


electrons in its valence shell. The electronic configuration of valence shell of beryllium atom in 
the ground state and excited state is as follow: 


„Be = 1s’, 2s’, 2p,, 2p,, 2p, (ground state) 
,Be = 1s’, 2s', 2p,’, 2p,, 2p, (excited state) 

One 2s and one 2p orbitals of beryllium atom intermix to form two sp hybrid orbitals. Each 
sp hybrid orbital contains one electron. The two sp hybrid orbital lie in a straight line with 
beryllium atom at the centre. One sp 
orbital of Be overlaps linearly with p- 9p Sepp 
orbital of other CI to form Be-Cl sigma e D Dae - E 
bond remaining sp hybrid orbital of Be 
overlaps linearly with 3Pz orbital of 


second CI atom to form sigma bond. Thus os 
BeClz molecule is linear. The Cl-Be-Cl CI —- Be -^—-Cl 


bond angle is 180°. Figure 3.16: Structure of beryllium chloride 


180° 


b) Structure of Ethyne, CH = CH 
The electronic configuration of carbon atom in the ground and excited states is as follow: 
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sC (Ground state) —s?, 2s*2p;, 2p), 2p, 
sC (Excited state) =1s’, 2s! 2pj, 2p), 2p; 
«C (Hybrid state) -1s?, (sp) (sp)', 2p), 2p; 


One 2s and one 2p orbitals of carbon atom 
intermix to give two sp hybrid orbitals. The 2py and 
2pz orbitals remain unhybridized. Each sp hybrid 
orbitals contains one electron. The two sp hybrid 
orbitals are directed along a straight line at an 
angle of 180° between them. The two unhybridized 
p orbitals which are perpendicular to each other 
are also perpendicular to the plane of the two sp 
hybrid orbitals. Thus each carbon atom possesses 
two sp hybrid orbitals and two pure p atomic 
orbitals. Each C-atom undergoes sp-s overlap with 
one H-atoms and sp-sp overlap with other carbon 
atom to form two c-bonds. Fig. 3.17: Structure of ethyne molecule 

The two half-filled p orbitals of two carbon 
atoms overlap sideways to form two x-bonds. Thus ethyne molecule contains one o-bond and 
two z-bonds between two carbon atoms and two carbon-hydrogen o-bonds. The electronic 
clouds of two zx-bonds merge into each other to form cylindrical shaped z-electron cloud. The 
molecule is linear in shape. 


Drawbacks of Valence Bond Theory 
It fails to explain: 
8) The formation of coordinate covalent bond. 
b) The formation of odd electron molecules or ions. 
c) The paramagnetic behaviour of oxygen molecule. 


3.2.3 Molecular Orbital Theory 


The method of molecular orbital theory was developed in 1927-1928 by Hurid and 
Mullikan and in 1929 by Lennard-Jones. 

It is assumed that linear combination of atomic orbitals form new orbitals called 
molecular orbitals which are characteristics of the whole molecule. The molecular orbital 
surrounds two or more nuclei of the bonded atoms. Two atomic orbitals after combining 
linearly form two molecular orbital which differ in energy. One of them, having lower 
energy, is called bonding molecular orbital (BMO) while the other having high energy is 
called anti-bonding molecular orbital (ABMO). The bonding molecular orbital is 
symmetrical about the axis joining the nuclei of the bonded atoms (molecular axis). It is 
designated as sigma (c) bonding molecular orbital, while the anti-bonding molecular 
orbital is designated as c*. 


H—“c==c—H 
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The filling of electrons into the molecular orbitals takes place according to 
e Aufbau principle 


e Paulis exclusion principle pm 
*  Hund's Rule MC C e 
The two electrons from each atom fill | .. = 
the low energy o orbital or x orbital while the d > a 
high energy o” orbital or n’orbital may have Ve 
electrons or remain empty. Hide g , nae 
The following diagram illustrates the T il 
formation of the molecular orbitals (lower C Bonding 
energy and higher energy) and also the ain er 
processing of filling of electrons according Figure 3.18: Energy diagram of bonding and anti- 
the rules mentioned above. bonding molecular orbitals 


In this type of diagram, the combining atomic orbitals are shown on two extremes and the 
resulting molecular orbitals (MO) are represented in the middle column. 

Atomic orbitals of same energy are shown at the same level. The difference between the 
energies of atomic orbitals and the bonding MO’s depend upon the extent of overlap of atomic 
orbitals. A large overlap results in greater lowering of the energy of bonding MO (and a 
corresponding large rise in energy in the anti-bonding MO). Larger the overlap, stronger will be 
the resulting bond. According to the above diagram, the sequence of energy levels in which 
they one filled up is, 

ots <o 1s < 028 <0 28 < o2p, < n2p, = n2p, <n 2p, = x 2p, < o 2p, 
There are two types of overlapping in molecular orbital theory 

i. Head on approach (linear overlapping) or linear combination 

ii. Sideways approach (parallel overlapping) 

i. Head on approach (linear,overlapping) 
Head on approach can take place between s-s, s-p and p-p atomic orbitals. 
When two s atomic orbital overlap, they form two molecular orbitals. Molecular orbital 
having low energy than atomic orbital is called os. Molecular orbital which has high energy 
then atomic orbital is called o's orbital as shown in the figure 3.18. 

ii. Sideways approach or parallel overlapping 
When the axes of two-p orbitals (i.e py or pz orbitals) are parallel to each other, they 
interact to form molecular orbitals. 

The bonding molecular orbital x(2py) or x(2pz) has zero electron density on the nuclear 
axis (called the nodal plane). The electron density is uniformly distributed above and below the 
nodal plane. On the other hand, x '(2py) or x '(2py) anti-bonding molecular orbital has the least 
electron density in the inter-nuclear region. Since the 2py and 2pz atomic orbitals are 
degenerate orbitals (having the same energy) the x molecular orbitals i.e., x (2py) and x (2pz) 
are also degenerate. Similarly the x' (2py) and x '(2pz) molecular orbitals are also degenerate. ` 

Two sets of 2-p atomic orbitals forms six molecular orbitals (three bonding and three 
anti-bonding). The bond formed as a result of linear overlapping is o bond while that formed as 
a result of sideways overlap is called a x (pi) bond. Thus p orbital overlaps can lead to the 


formation of three bonds. One sigma and two pi bonds. 
Bond order (No. of bonds) 

The number of bonds formed between two atoms after the atomic orbitals overlap is 
called the bond order and is taken as half of the difference between the number of bonding 
electrons and anti-bonding electrons. 

No. of electrons in BMOs - No. of electrons in ABMOs 


3. Theories of Covalent Bonding and Shapes of Molecules 


Bond order = 2 
The number of bonds formed in hydrogen molecule may be calculated as follows. 
No. of electrons in the bonding orbitals 22 


No. of electrons in the anti-bonding orbitals 0 


Bond order = 2-0-1 
2 


It is a common practice that only MOs formed from valence orbital are considered in 
bond order calculations. It should be noted that a bond between two atoms can be formed 
only, when the number of electrons in the bonding orbital must be greater than the number of 
electrons in the anti-bonding molecular orbitals. 


Relative Energies of the Molecular Orbitals 

The relative energies of the molecular orbitals formed from 2s and 2p atomic orbitals 
are determined by spectroscopic measurements. 
a) The molecular orbitals of diatomic molecules such as O,, F,and their positive and 


negative ions can be shown in the following increasing order of energy. 
o(1s) <o"(1s) «c(2s) <o"(2s) «c(2px) «n(2py) = x (2pz) <n" (2py) = x'(2pz) «o (2px) 
b) The diatomic molecule such as H,, He,, B,, C,, and N, (lighter molecules) show 
slightly different energy order. 
c (1s) <a" (1s) «o (2s) «c'(2s) «n (2py) = x (2pz) «c (2px) «x'(2py) = &'(2pz) «o (2px) 
Reason 

We have seen in the energy order of lighter molecules like B2, C2, N2, o2px is higher 
in energy than z2py = 12pz molecular orbitals. This reversal is due to mixing of 2s and 2px 
atomic orbitals. 

Actually, the energy difference of 2s and 2p atomic orbitals is small; there is a possibility 
of mixing of these orbitals (hybridization of A.O.). As a result o2s and c'2s MO do not retain 
pure s- character. 

Similarly, o2px and o'2px MOs do not have pure p-character. All the four MOs acquire 
sp-character. Due to this mixing, their energies change in such a way that MOs o2s and o'2s 
become more stable and are lowered in energy MOs as o2px and o'2px become less stable 
and are raised in energy. Since, n2py = 12pz remains unchanged. o2px is raised to such an 
extent that it becomes higher in energy than n2py and x2pz 

But, O,and F, do not do so. The reason is high energy difference of their 2s and 2p i.e. 
1595 kJ/mol and 2078 kJ/mole for O, and F, respectively. The values are 554 kJ/mol for 


Boron, 846 kJ/mol for carbon and 1195 kJ/mol for nitrogen and these energy differences have 
been calculated by spectroscopic techniques. 
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Applications of Molecular Orbital Theory for Homo Nuclear Diatomic Molecules 
After having discussed the basic principles of molecular orbital theory, we are now able 
to take up the electronic structures and bonding properties of some homo-nuclear molecules. 


(1). Hydrogen Molecule H2 


H 7 1s! 


Hydrogen molecule is formed from the overlap of 1s atomic orbitals of two hydrogen 
atoms. They give rise to two molecular orbitals o 1s and c'1s. The molecule has two electrons 


which occupy the lower energy o 1s orbital as shown in the 
diagram. The electronic configuration of the molecule is 
represented by the equation. 
2H (1s!) — — —e He [(o 1s] 
Bond order = 2-0 21 
2 


Thus the two hydrogen atoms are bonded through 
only one bond in the molecule. We conclude that the Hz 
molecule is stable. It has bond dissociation energy of 436 
KJmol* and is diamagnetic in nature i.e (atoms, ions or 
molecules in which electrons are all paired in their 
molecular electronic configuration are diamagnetic). They 
are repelled by both poles of magnet. 

(2. Helium Molecule (Hypothetical) He2 
He = 1s? 
The energy level diagram for Hez is similar to that of 
H2 except that it has two more electrons which occupy the 
anti-bonding o'1s orbital shown in the diagram. 
2He (1s*)——He, | (ets) (o 1s | 

gE-2-0 

2 

Thus its bond order is zero and we conclude that the 
molecule is not stable. Infect, Hez is not known, helium 
exist only as mono-atomic molecules. 

(3) Lithium.Molecule Liz 

Li = 1s? 2s! 

The electronic configuration for Liz has a total of six 
electrons, two each in o 1s, o'1s and o2s molecular 
orbitals. In short hand notation this can be represented as 
o 1s?, o'1s? and c 2s?. There are two more electrons in the 


Bond order = 


5 1s (Anti-Bonding) 


a 1s (Bonding) 


Figure 3.19: Molecular orbitals 
energy level diagram of H2 
(An Bonding) 


(Bonding) 
MO. 


Figure 3.20: Molecular orbitals energy 
level diagram of He2 
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Figure 3.21: Molecular orbitals energy 
level diagram of Li 


bonding orbitals than in anti-bonding orbitals and the bond order is one. We conclude that the 
molecule is stable and diamagnetic it is indeed to exist in the vapour phase. It possesses bond 


energy of 110 kJ mol which is less than H2 molecule. 


2Li (1s*, 25) —— Li, [KK (02s) | 


Bond order = 2-9 =1 


(4) Beryllium Molecule Bez ; 52s 
Be = 1s? 2s? $ 
The situation for the Bez molecule is similar to that 
for He. Bonding and anti-bonding orbitals are equally 
populated and the bond order is zero. The electronic |E 
configuration is O  1s?, O '1s?, O 2s? O 2s?. The Bez 
molecule is known but is very unstable. 
2Be (1s? 25?) —— — —» Bez [KK (O 2s)? (O 2s)?] 


Bond order = 2-2 20 - es o 
2 Figure 3.22: Molecular orbitals energy 
level diagram of Bez 
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(5) Boron Molecule, B; 


B = 1s? 2s?2p' m 

The boron atom has the configuration of 1s?, 2s?, ALR 
2p' and is the first element with five electrons to ^ T] \ 
participate in bonding. 2 UP 2p 


Spectroscopic study has suggested that for B2, C2 FRIEEHR 
and N2 molecules z2p orbitals are lower in energy than 
02p orbital. Thus the electronic configuration of B, is: 


2B (1s? 2s? 2p!) ———+ Bz [KK (O 2s)? (O 2s)? E 
(x2py)! (n2pz)'] 


Bond order = 20 d ET! ie 


Thus the two B-atoms are bonded through only Ni} P4 
one bond in the molecule. The experiments verify not ue ; 
B 2 


only that the molecule exists in vapour phase but that it 
is paramagnetic (atoms, ions or molecules) with two 
unpaired electrons. The bond energy is 270 kJ mol". 
Molecules which have one or more unpaired electrons in their molecular electronic 
configuration are paramagnetic. They are attracted to magnetic field. 


Figure 3.23: Molecular orbitals energy 
level diagram of B» 


(6) Nitrogen Molecule N; 


t T T 

N= 1522822 p. 2 p, 2 p, 

Looking at, the electronic configuration, only 2s and three 
2p electrons from each N atom are to be considered in the bond 
formation. 

Thus the electronic configuration of N2 molecule is: 
2N(1s*2 s*2p} 2p} 2p! )—>N, [KK (02s) (c 2s)*(n2p, )*(x2p, Y (o2p, Y 

Bond order= 6-0 =3 
2 


Tis 


It is obvious that the two N-atoms are bonded through 
triple bond. Nz molecule is very stable molecule and has a very 
high bond energy 946 kJ mol", which is consistent with MOT. It is 
diamagnetic in nature and possesses a very short bond length. 


shy Rd 
Figure 3.24: Molecular 
orbitals energy level diagram of 
No 


(7) Oxygen Molecule O; 


N T T 
O = 1s?2s?2p,2 p, 2 p, 
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The valence bond theory predicts that o, would be diamagnetic. However experiments 


show that it is paramagnetic having two unpaired electrons. A structure consistent with this 
observation is predicted by MOT. Spectroscopic evidence indicates that for O,, the o2p orbital 


is lower in energy than n2p orbitals. The electronic configuration of O, molecule is: 
2O(1s^2 s*2p22p} 2p!) ——950O,IKK (c2s (c 2s) (c2p, } (n2p, (x2p, '( 2p, (2p, '] 


Bond Order = 8-2 =å 
2 
It is obvious that the two oxygen atoms are 
bonded through a double bond. The two unpaired 
electrons reside in the degenerate anti-bonding orbitals 
x 2py and x'2pz, hence it is paramagnetic in nature. So 
we conclude that the molecule should be very stable as 
it possesses high bond energy i.e. 498 kJ mol" with 


bond length 1.21 A. 


(8) Fluorine Molecule F;: 

F =9 = 1s? 2s? 2p5 

Each F-atom has the 1s? 2s? 2p? configuration. 
The participating electronic configuration of F2 molecule 
is: 

F2 = KK (02s)? (o'2sY (02px)? (n2py)? (n2pz)? (&'2py 

(x’2p2)* 
Bond Order = 8 - 4 =1 
2 

It is obvious that two F-atoms are bonded through a 
single bond. The F-F bond distance is longer (1.43°A) than 
the bond distance for ©,(1.21°A) and N,(1.09 °A) 
molecules. The bond energy of F, molecule is quite low 
(159kJ mol"). It is diamagnetic in nature. 
Comparison of Valence Bond and Molecular Orbital 

Theories: 
Similarities: 

The common features of the two theories are: 


rias 


Figure 3.25: Molecular orbitals energy 
level diagram of O2 


d | 
Molecular Orbital 
=F 


Figure 3.26: Molecular orbitals energy 
level diagram of F2 


a) Both the theories explain the formation of covalent bond. 

b) In both the theories, a covalent bond is formed by the overlapping of atomic orbitals 
having appropriate symmetry about the molecular axis. 

c) According to both, the electronic charge resides in the region between the atomic nuclei. 

d) Both the methods lead to the formation of two types of bonds o and x bonds. 

e) In both the methods, the atomic and molecular orbitals are filled up according to the 


same principles. 


Differences: 
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1. According to this theory only valence 1. According to this theory, all the electrons 
electrons are involved in bond formation of interacting atoms are involved in bond 
formation 


| 2. In VBT the two concerned atomic orbitals 2. 
; do not lose their individual identity 


In MOT, the two atomic orbitals lose their 
individual identity 


[az] It does not explain the paramagnetic 3. In explains the paramagnetic behaviour | 
_ behaviour of molecules like O2 molecule i.e., electrical properties. 

4. It does not give idea about the bond order | 4. It give idea about bond order by which we 
can determine that whether the bond is 
single, double or triple 

5. It does not explain the non-existence of 5. It explains the non-existence of Hez 

He» molecule. molecule. 


3.3 BOND ENERGY (BOND ENTHALPY) 


When a bond is formed between two atoms, energy is released (exothermic process), the 
same amount of energy is absorbed (endothermic process) when the bond is broken to form 
neutral atoms. So the bond energy is the amount of energy required to break all bonds of 
particular type in one mole of the substance. The strength of a bond is measured by its 
bond energy. The higher the bond energy, the stronger is the bond. It is determined 
experimentally by measuring the heat involved in a chemical reaction. It is also called bond 
enthalpy, as it is measure of enthalpy change at 298K. The enthalpy change in splitting a 
molecule into its component atoms is called enthalpy of atomization. 


Units 
It is expressed in kilojoules per mole (kJmol"). It is the energy required to break up an 

Avogadro number (6.02x10?9) of bonds i.e. one mole of bond. It is found that energies of multiple 
bonds are greater than those of single bonds. But a double bond is not twice as a strong as a 
single bond or a triple bond is not thrice as strong as a single bond. It means that a c bond is 
stronger than a x bond. Also, a polar covalent bond is stronger than a non-polar covalent bond. 
Examples 

(i) | The bond energy of H-H in H2 molecule at 25°C (298K) is 436kJ/mole. The bond 

energy of CI-CI bond in Cl» molecule at 25°C is 242kJ/mole. 
(ii) The bond energy of H-Cl bond in HCI molecule at 25°C is 431 kJ/mole. 


lonic character and Bond energy: 
Bond energy is a measure of bond strength. Higher the bond energy, the stronger is the 
bond. The strength of a bond depends upon the following factors. 
(i ^ Electronegativity 
(ii) Size of the bonded atoms 
(iii) Bond length 
(iv) Bond order (number of bonds) 


“Greater the difference in electronegativity between the bonded atoms, the greater 
is the bond energy and stronger is the bond" 


Examples 
Bond energy (kJmot) 567 431 366 299 
AEN 1.9 0.9 (07 (04 


From the above data it is observed that HF molecule has higher bond energy (567 KJmot*) 
due to greater electronegativity difference i.e. 1.9. 

The smaller the size of the bonded atoms, the greater is the bond energy and 
stronger is the bond. The bond energy of H-H bond is 436kJmol" and that CI-CI is 242kJmol 
1, It is due to the shorter bond length in H2 molecule and greater bond length in Cla molecule 
(larger size of Cl atom than H atom). 

Multiple bonds also affect the bond energy, greater the no. of bonds greater will be the 
bond energy. 


Table 3.1: Average Bond energies (kJmol") of single bonds. 


C-H 413 SHH 323 H-H 436 S-H 339 ClF 253 
C-C 348 Si-Si 226 H-F 567 | S-F 327  CkCl 242 
CN 293 SiC 3001 H-Cl 431 &cl| 253 | BrF | 237 


C-O 358 S-O 368  H-Br 366 S-Br 218 — BrCl 218 
CF 485 NN 163 HI 299 SS | 266  BrBr 193 
C-CI 328 NO 201 HO 463 | OO 146 Cl 208 
C-Br 476 NF 272 HF| 155 OF 190 [Br 175 
C4 240 N-Cl 200 HN 391 | O-CI 203 I 151 
CS 259 N-Br 243 Ol | 234 . l 
Table 3.2: Average Bond energies of multiple bonds (kJmol*) 
| csc 614 N=N 418 
| C=C 839 (0 NSN 941 
C=N 891 O=0 495 
| C-0 799 | S=0 523 
c=o0 1072 S=S 418 


3.3.1 Relationship between the Bond Energy and Polarity Or Strength of 
Bond and its lonic Character 


Polar bonds are stronger than non-polar bonds and greater amount of energy is required 
to break these bonds. Due to ionic character, the strength of bond increases. Increase in 
strength of H-Cl bond or ionic character in H-CI bond can be observed from the experimentally 
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determined values of H-H, CI-CI and H-CI bond and theoretically calculated bond energy value 
of H-Cl bond. It involves the following steps: 
Step (i) Calculation of bond energy contribution of one H atom. 
Bond energy of 1 mole of H-H bonds = = 436 kJ 
or Bond energy of 6.02x10?3 H-H bonds = 436 kJ 


or Bond energy of one H-H bond = 436 kJ 
6.02 x 107 


= 72.42x10 kJ 
Bond energy contribution of one H atom = 72.42x 10 ^ 


2 

= 36.21x10?3 kJ 

Step (ii) Calculation of bond energy contribution of one Cl atom. 
Bond energy of 1 mole of CI-CI bonds = 242 KJ 
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or Bond energy of 6.02x107? Cl-Cl bonds -. 242 kJ 
6.02 x 107° 
Bond energy of one CI-CI bond = 40.19x1072 kJ 


Bond energy contribution of one Cl atom= 40.19 x10" kJ 


2 
= 20.09 x 1073 kJ 
Step (iii) Calculation of bond energy of 1 mole of H-Cl bonds. 
This calculation is based on the assumption that H-Cl bond is non polar. 


Bond energy of one H-CI bond = Bond energy of H-atom + Bond energy of Cl atom. 
= (36.21x 107? + 20.09x 1073) kJ 
= 56.3x1075 kJ 
Bond energy of 6.02x10?? H-Cl bonds = 56.3x107? x 6.02x10?3 
- 338.93kJ 


Bond energy of one mole of H-Cl bonds= 338.93 kJ/mole 

The relation between bond energy and electronegativity can be seen from theoretically 
calculated and experimentally determined values of HCI bond. 

Theoretically calculated bond energy of H-Cl bond = 338.93kJmol". 

Experimentally determined energy of H-Cl bond = 431kJmol". 

The experimentally determined bond energy is significantly greater than the calculated 
value, which means a more stable H-Cl bond. This stability is due to the ionic character 
present in the bond. The amount of additional bond energy depends on the electronegativity of 
the two bonded atoms. Greater the difference of electro-negativity between the two 
bonded atoms, the greater is the ionic character and stronger is the bond. 


Table 3.3: Comparison of experimental and theoretical bond energies 


X=F ESA X=Br BA 
X-X 155 (242 |193 (510000 
| H-X(Calculated) 293 338 311 | 291 
H-X (observed) 567 431 | 366 || 299 | 
Difference 274 | 95 |55 . 08 


This data clearly indicate the part played by electronegativity in the strength of a bond. 
Electrons are not equally shared between hydrogen and halogen atoms in HX. Since halogen 
atom is more electronegative, the bonded electron pair is more attracted towards halogen 
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atom. This develops polarity in H-X molecules which produces an additional attractive 
binding force. 


Bond Length 

Bond length may be defined as the distance between the nuclei of atoms joined by 
covalent bond. This distance between the bonded atoms is not constant, because the bonded 
atoms are always vibrating with respect to each other. Therefore, average of minimum inter 
nuclear distance is considered as bond length or bond distance. Thus bond length may also be 
defined as the internuclear distance when the maximum possible overlap of concerned atomic 
orbitals occurs. It is measured by techniques such as X-ray diffraction, neutron diffraction and 
microwave spectroscopy. 


Measuring units 

It is measured in A or picometer: | pm = 10-12m, 100 pm = I A =10-m. 

It is observed that its measurements may vary in accuracy but still similar bonds have fairly 
constant lengths in different molecules, variation generally being less than 1%. In most of the 
compounds, the C-C single bond length is very close to 1.54 A’. For example in ethane molecule 
the C-C bond length is 1.54 A and in ethyl chloride (C,H, cl) the C-C bond length is 155A. 

One half of the bond length between nuclei of two similar atoms join by single 
covalent bond is called the covalent radius of that atom. For example, the covalent radius 
of Carbon is 0.77 A i.e. half of the C-C bond length which is 1.54 A. The covalent-radii of 
other atoms are given in the following table: 

Table 3.4: Covalent-radii of various atoms 


H 0.28 F 0.72 | 
| c i 0.77 | Cl | 0.99 | 
| N 0.75 | Br | 1.14 | 
| o | A 074 | | | 1.33 | 


The covalent-radii can be used to calculate the bond length between two unlike atoms, 
which in some cases, is equal to the sum of the covalent radii of the two bonded atoms. For 


example, the C-CI bond length in CH,Clis 1.76A', which is exactly the sum of the covalent 
radii of carbon (0.77 A’) and chlorine is (0.99 A’). However, in most cases, the length of a 
bond between two unlike atoms is markedly shorter than the sum of the two covalent radii. For 
example, the covalent radii of C and N add up to 1.52 A’ where as the observed C-N bond 
length in methylamine (CH,NH,) is 1.47 A'. Similarly, the observed C-O bond length is 


ethanol (C;H,OH)is 1.42 A’, although the sum of the covalent radii of carbon and oxygen is 


1.51 A'. In general, the shrinkage in bond length becomes more and more marked as the 
difference in electronegativity of the two bonded atoms increases. 

Average single bond lengths of some of the important covalent bonds are given in the 
following table: 


Table 3.5: Bond lengths of some Covalent Bonds 
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C-H 1.07 C-Br 1.93 
[ C-C | 1.54 | c4 | 2.14 

| C-O | 1.42 | C-Cl 1.76 | 
| C-N 147 O-H | 0.96 | 
| CF | 1.88 N-H | 1.01 | 


Bond length is also affected by the nature of hybridization of the bonded atoms as shown 
in the following table: 


Table 3.6: Effect of Hybridization on the Bond Length 


C-H c-o ON /— 
sp? 1.11 (methane) 1.41(ethanol) ^ 1.47 —— 
sp? | 1.10 (ethylene) IER .34 (formic acid) 1.36 (formamide) 
sp © 1.08 (acetylene) | 


It can be noticed that the bonds are shortened by increasing "s" character. This is 
because the hybrid orbital with increased "s" character is held more tightly by the nucleus. A 
double bond between two atoms is shorter than a single bond between the same two atoms 
and a triple bond is shorter than the double bond as shown in the following table: 


Table 3.7: Single, Double and Triple Bond Lengths. 


 . Single bond . Double bond . Triple bond — 
| c,c 1.54 | 1.38 1.19 
| CN BO ia | 1.28 | 1.16 
| [39] 142 | 1.20 | -— 


This shrinkage of the multiple bonds is due to the presence of extra x electrons (two in 
the case of a double bond and four in the case of triple bond) between the two nuclei, which 
exert additional attraction on both the nuclei bringing them closer to each other. 

Dipole Moment 


(Determination of degree of polarity of molecules) 

The degree of polarity of a molecule can be expressed in terms of dipole moment. It is 
the product of the magnitude of the charge (positive or negative) and the distance 
between them. If q is the charge at each end of dipole and r is the distance between the 
positive and negative centers, then dipole moment represented as p is given byu 2 qxr 

Units: Its SI unit is Coulombs meter (C.m) but most common units used is Debye (D) 

1 Debye (D) = 3.336 x 103? C.m 
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Application of dipole moment 

(i) Determination of polarity of molecule 
Molecules which have zero dipole moment are non-polar, Whereas molecules which have 
dipole moment are polar. 
For example benzene has zero dipole moment, so it is non polar. But Cholobenzene has 
dipole moment of 1.2D, so it is polar. 


(ii) Prediction of Isomers 


The study of dipole moment also finds applications in stereochemistry. For example, 
dipole moments of isomer 1, 2 — dichloroethene have been calculated are given below: 


H cl H H 
cl H ci cl 
Trans Cis 
1=0D | =1.89D 


Thus knowing the dipole moment of the given sample of 1, 2 — dichloroethene, one can 
predict whether it is Cis or trans isomer. 

(ii) Calculation of %age ionic character in a bond. 
The dipole moment helps to calculate the percentage ionic character in a bond. 


Example 

The observed dipole moment of HF is 1.90D. Find the percentage ionic character in HF 
bond. The distance between the charges is 0.917 x 10°°m. 

(Unit positive change = 1.6022 x 10°19C) 

Solution: 

Let us suppose that HF molecule is 100% ionic. It means that H has full positive charge 
and F has full negative charge. To calculate their dipole moments multiply the bond length with 
full charges of electron or proton i.e. 1.6022 x 109, This dipole moment is called ionic. 

So, lLionic qxr 
(1.6022 x 109C) (0.917 x 101m) 
1.469 x 107? C.m 


Since 1D = 3.336 x 10? C.m 
So, llic =  1469x10"7Cm.44p 


3.336 x 10 ?C.m 
The actual dipole moment as it is observed. 


lobserved = 1.90D 
% ionic character = 1200x100 = 43.2% 


Hence HF bond is 43% ionic and 57% covalent. The bond is predominantly covalent. 


3.4 EFFECT OF BONDING ON THE PROPERTIES OF 
COMPOUNDS 


The properties of substances are characterized by the type of bond present in them. 
We shall consider the effects of the types of bond on physical and chemical properties of 
compounds. 


Properties of Compounds: 


Solubility 
(a) Solubility of ionic Compounds: 

Most ionic compounds are soluble in water but insoluble in non-aqueous solvents. 
Reason: When a crystal of ionic compound is placed in water, the polar water molecules 
detach the cation and anion from the crystal lattice by their electrostatic attraction. The ions are 
freed from the crystal lattice by hydration. This happens when the hydration energy is equal to 
or greater than the lattice energy. The energy released in hydration is used to overcome the 
lattice energy. Thus the ions are freed from their positions in the crystal. 

Many ionic compounds do not dissolve in water because the attraction of water 
molecules cannot overcome the attraction between the ions. Their lattice energy dominates 
over their hydration energy. For the same reasons, the non-polar solvents benzene and 
hexane do not dissolve in ionic compounds. 

(b) Solubility of Covalent-Compounds: 

Covalent compounds dissolve in non-polar organic solvents such as benzene, ether. 
Most covalent compounds are insoluble in water. However, some of them dissolve in water. 
Reason: The attractive forces of solvent molecules in non-polar solvents are enough for 
overcoming the intermolecular forces of attraction in covalent compounds. Hence covalent 
compounds dissolve easily in non-polar organic solvents. 

The solubility of covalent compounds in water depends on their ability to form hydrogen 
bonds with water molecules. Many organic compounds containing oxygen or nitrogen like 
carbohydrates, alcohols and amines are soluble in water due to hydrogen bonding. 

(c) Non-directional nature of ionic compounds: 

lonic bonds are non-directional and rigid in nature. They do not show the phenomenon of 
isomerism. 

(d) Directional Nature of covalent compounds 

Covalent bonds are non-rigid and directional. They show the phenomenon of isomerism. 
Reason: Due to non-rigid and directional nature of the covalent bond, covalent compounds 
have different orientation of atoms in space. Hence many covalent compounds show the 
phenomenon of isomerism. For example C2HeO show structural isomerism. 
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3. Reaction Kinetics 


(a) Speed of reaction of ionic compounds 

The ionic compounds exist in the form of ions in an aqueous solution. The chemical 
reaction between ions occurs rapidly. The reaction is so rapid because no bond is to be 
broken, only a new bond is formed. The ionic bonds have already been broken during the 
formation of solution. 

For example, addition of silver nitrate solution to sodium chloride solution produces a 
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white precipitate of silver chloride instantaneously. 

The oppositely charged ions combine at once to give the product. This is because no 
force is required to break the bonds of reacting compounds. 
(b) Speed of reaction of covalent compounds: 

Since there is no strong electrical force to speed up a chemical reaction, like in ionic 
reaction the covalent bonds are generally much slower to react as they involve both breaking 
and making of bonds. The molecules undergo a chemical change as a whole. It is because 
high energy is required to break the covalent bonds. Covalent compounds react in a variety of 
ways. The reactivity of covalent compounds depends upon the way a reaction proceeds and 
the kind of product-obtained at the end of a reaction. 


4. Density: 

The electrostatic force of attraction existing between the cations and anions in an ionic 
crystal brings these ions very close to one another. This decreases the volume of the crystal 
and consequently the ionic crystals have high density. 

5. Types of Solids: 

A solid is a structural unit of atoms, molecules or ions, which are held together strongly 
enough to give a rigid structure. 
Four types of solids exist namely 
(a) Molecular solids: 

Consists of atoms or molecules held together by inter-molecular forces. Solid water (ice) 
and solid CO, (dry ice) are common examples. 
(b) Metallic Solids: 

Consists of atoms held together by metallic bonding, examples silver, copper and gold. 
(c) lonic Solids: 

Consists of cations and anions held together by virtue of electrostatic attraction of the 
opposite charges. Examples are NaCl and CaCI,. 

(d) Covalent Network Solids: 

Consists of atoms held together in large network or chains by covalent bonds. Diamond 

and graphite are typical examples. 


Diference between metallic Solids and Molecular Network Solids Metallic Solids 


Metallic Solids 

Metallic solids consist of infinite arrays of bonded atoms; each cation in a metal has a 
high co-ordination number sometimes four or six, but more often eight or twelve they are good 
conductors of electricity. 


Covalent Network Solids 

They consist of infinite arrays of bonded atoms; no individual molecules can be distinguished. 
Thus any given piece of network solid may be considered a giant, covalently bonded molecule. 
Network solids generally are poor conductor of heat and electricity. Strong covalent bonds among 
neighbouring atoms throughout the structure give these solids, strength and high melting 
temperature. Some of the hardest substances known are covalent network solids. 

Diamond, the hardest allotrope of carbon, has the covalent network structure shown in 
the diagram. Diamond sublimes at 3500°C and above. 


Graphite, a softer allotrope of carbon has three layered structure shown in the diagram. 
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One feature that distinguishes covalent network solids from metals is the lower co- 
ordination number of atoms in network structures. For example; Co-ordination number of C in 
diamond is four, silicon (Si) is four and that of oxygen in quartz is two. 
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Diamond Graphite 
Figure 3.27: Allotropic forms of carbon 


References for additional information 


John C. Kotz, Paul M. Triechel and Gabriela C. Weaver, 
Chemistry and Chemical reactivity. 

Asim and K. Das, Fundamental concepts of chemistry. 
David E. Goldberg, Fundamentals of Chemistry. 
Graham Hill and John Holman, Chemistry in context. 


1. Cc 


hoose the correct answer (MCQ). 
The bond energies of F;, Cl,, Br,, and I, are 37, 58, 46 and 36k Cals, respectively. 


The strongest bond formed is in; 


(a) F, (b) Cl, (c) |, (d) Br, 

The percentage of ionic character of bond between two atoms is calculated from their; 
(a) Dipole moment (b) Electronegativities 

(c) Electron affinities (d) lonization energies 

The geometry of PF, molecules is; 

(a) Planar (b) Square planar 

(c) Trigonal bipyramidal (d) Tetrahedral 

Sp? hybridization is not important in describing the bonding in; 

(8) NH; (b) cci, (c) H,O (d) AgCI 
Greater the dipole moment 

(a) Greater is the ionic nature (b) Lesser is the polarity 

(c) Smaller is the ionic nature (d) None 


A diatomic molecule has a dipole moment of 1.2 D. If its bond distance is 1.0 A’, what 
fraction of electric charge 'e' exist on each atom? 
(a) 12% e (b) 18% of e (c) 25% e (d) 3096 of e 


£o 
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(vii) H— O — H bond angle in H,O is 104.5? and not 109.5? because of; 

(a) High electronegativity of oxygen (b) Bond pair — bond pair repulsion 

(c) Lone pair — lone pair repulsion (d) Lone pair — bond pair repulsion 
(viii) Which is not characteristic of t bond? 

(a) x bond is formed when a sigma bond already exist 

(b) x bond are formed from hybrid sp arbitals 

(c) x bond may be formed by the parallel overlapping of p-orbitals 

(d) x bond results from lateral overlap of atomic orbitals. 
(ix) In the formulation of N; from N;, the electron is removed from; 

(a) o2px orbital (b) o”2px orbital (c) m2py orbital (d) x*2py orbital 
(X) According to VESPR theory, the most probable shape of the molecule having 4 

electron pairs around the central atom is; 

(a) Hexagonal (b) Tetrahedral (c) Octahedral (d) Linear 
Read the given table below and answer the following questions. 


| X-X | X-Cl XET 

Im i 242 aet 

|H-X(Calculated) 336 291 

_H - X (Observed) 431 Ww | 299 
Difference [95 08 | 


(a) Give reason for the difference in calculated values and observed values. 

(b) Effect of high bond energy on bond length with reason. 

(c) lonic character on the basis of bond energies, with reason. 

Energies of orbitals can be explained by molecular orbital theory. It has been observed that 
in case of Nitrogen molecule o2px is higher in energy than x2py and n2pz 

(a) Draw molecular orbital energy diagram for nitrogen molecule. 

(b) Give reason why the o2px energy is greater than x 2py and n 2pz. 


. Carbon can make a bond with hydrogen to form ethyne. Bond energy of C-H is same 


although 2s and 2p orbitals are involved which have difference in energies. Explain the 
formation of ethyne molecule on the basis of hybridization with the help of diagram. 


. Molecular orbital theory can explain the magnetic character of O,, OZ'and O2 species 


Evaluate it. 


. The melting points, boiling points, heat of vaporization and heats of sublimation of electrovalent 


(ionic) compounds are higher as compared to those of covalent-compounds. Argue. 


. The dipole moment of HCI is 1.03D and the distance between atoms is 127pm calculate the 


percentage of ionic character of the HCI bond. (Ans. 16.9%) 
Differentiate between a sigma bond and a pi bond. 
A double bond is stronger than a single bond and a triple bond is stronger than a double bond. 


GASES 


After comple! lesson, you will This is 10 days lesson 
able to: (period including homework) 


e List the postulates of Kinetic Molecular Theory. 
e State the values of standard temperature and pressure (STP). Relate 
e Define pressure and give its various units. 


e Explain the significance of absolute zero, giving its value in degree Celsius and Kelvin. 

e State and explain the significance of Avogadro's Law. 

e Derive Ideal Gas Equation using Boyle's, Charles' and Avogadro's law. 

e Explain the significance and different units of ideal gas constant. 

e Distinguish between real and ideal gases. 

e Derive new form of Gas Equation with volume and pressure corrections for real gases. 

e State and use Graham's Law of Diffusion. 

e State and use Dalton's Law of Partial Pressures. 

e Explain Lind's method for the liquefaction of gases. 

e Define and explain plasma formation. 

e Describe the motion of particles of a gas according to Kinetic Theory. 

e Related temperature to the average kinetic energy of the particles in a substance 

e Use Kinetic Theory to explain gas pressure. 

e Describe the effect of change in pressure on the volume of gas. 

* Describe the effect of change in temperature on the volume of gas. 

e Define and describe the properties of Plasma 

e Describe some of the implications of the Kinetic Molecular Theory, such as the velocity of molecules and 
Graham's Law. 

e Explain why real gases deviate from the gas laws. 


INTRODUCTION 


Matter consists of three fundamental states, the gas, liquid and solid. Besides these 
three states, the fourth one is Plasma state (a partially ionised gas at very high 
temperature). 

The word gas is derived from chaos. This is because the gaseous particles have chaotic 
(random) motion. The molecules travel in a straight line until they collide with each other or 
with the walls of the container. This type of motion of the molecules is called Brownian 
Movement (Robert Brown 1827). 

A gas at a given temperature has neither a definite shape nor a definite volume. It will 
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take up the shape of any container into which it is placed. 

All gases diffuse to fill the space available to them. The rates of diffusion are different for 
different gases. When diffusion takes place between a liquid and a gas, it is known as "intimate 
mixing". 

The earth's atmosphere is a mixture of gases. Oxygen (21%) and Nitrogen (78%) are its 
two major components, both support life. In fact, the earth's atmosphere is an immense system 
of gases where many chemical reactions occur. For example, photo-synthesis, combustion etc. 
Natural gas, the major component of which is methane, is used to heat homes in winter, to 
Cook food and to drive vehicles etc. 


4.1 KINETIC MOLECULAR THEORY OF GASES 


The behaviour and properties of gases can be theoretically explained using the kinetic 
molecular theory. This theory is a model that explains the behaviour of gases using 
generalization about random moving molecules within a gas. 

The kinetic molecular theory was first postulated by Daniel Bernoulli, a Swiss 
mathematician. The Kinetic theory of gases was elaborated and extended by a number of well- 
known physicist such as James Maxwell (1859) and Boltzmann in (1870). In 1857, Clausius 
derived the kinetic equation and deduced all the gas laws from it. 

Physical theories are often given in terms of postulates, the basic statements from which 
all conclusions or prediction of theory is deduced. 


4.1.1 Kinetic Molecular Theory 
The kinetic molecular theory of gases is based upon the following postulates: 
1. Gases are considered to be composed of minute discrete particles called molecules. 
2. The molecules move randomly in straight lines until they collide with one another or with 
the walls of container. 
3. The collisions among the molecules are perfectly elastic i.e. the total kinetic energy 
remains constant. 
4. The molecules of a gas are thought to be of the same mass and size but are different 
from gas to gas. 
5. The pressure is produced due to the collisions of the molecules. 
6. The average kinetic energy of a molecule is directly proportional to the absolute temperature. 
It means that the higher the temperature, greater will be the molecular kinetic energy. 
7. At relatively low pressure, the average distances between molecules are large as 
compared with molecular diameters. 
There are no attractive or repulsive forces between the molecules. 
9. The volume occupied by the molecules is negligible as compared to the total volume of 
the container. 
R.J. Clausius deduced an equation for the pressure of an ideal gas from the postulates of 
kinetic theory. This equation is called kinetic equation. 


e 


Mathematically, PV= i mNc? 
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Where P = Pressure 
V = Volume 
m 7 mass of one molecule of the gas 
N = number of particles of the gas 
c? = mean square velocity of gas molecules 
Since the molecules of a gas under the given conditions do not have the same velocity, 
so mean square velocity is considered. If n: molecules have velocity c1, na molecules have 
velocity c2 etc, then 
nac? + n;cl pe 
ny tn + 
Where c? is the average of squares of all the possible velocities. The square root of c? is called 
root mean square velocity (Crms). 


4.1.2 Motion of Particles of a Gas 
According to the kinetic molecular theory, the gaseous molecules are always in a state 
of haphazard motion. As a result due to their motion, they will have certain kinetic energy. The 
increase or decrease of temperature will increase or decrease their motion. In gases, the 
molecular motion is of three types: 
i. Translational Motion. 
ii. Rotational Motion. 
iii. Vibrational Motion. 
A mono atomic molecule (e.g. He) will show only translational motion while a diatomic 
(Hz) and polyatomic molecules (CO,, NH,etc.)will undergo, in addition to translational 


c= 


motion, the rotational and vibrational motions too. 


i. Translational Motion: 

The motion imparted to the gaseous molecules due to their motion in all possible 
directions is called translational motion and the energy as kinetic translation energy. In this 
case the entire molecules move from place to place. 


ii. Rotational Motion: 

The motion imparted to the gaseous molecules as a result of net angular momentum 
about their centre of gravity is called rotational motion and the energy as kinetic rotational 
energy. In this case the molecule spins like a propeller. 

iii. Vibrational Motion: 

The motion imparted to the gaseous molecules due to the oscillations is called vibrational 
motion and the energy as kinetic vibrational energy. In this case the molecules vibrate back 
and forth about the same fixed location. 

In such an oscillating system, there is a continuous interchange between vibrational 
kinetic energies and potential energies. As a result both K.E and P.E is possessed by the 
gaseous molecules. Thus, Total E(Vib.) = K.E (Vib.) + P.E (Vib.) 
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Figure 4.4: Different motions of molecules 


The vibrational motions in polyatomic molecules (like CO2, NHs etc.) are quite 
complicated. 


4.2 ABSOLUTE TEMPERATURE SCALE ON THE BASIS OF 
CHARLE'S LAW 


The Charle's Law states that the volume of a given mass of a gas increases or 
decreases by 1/273 times of its original volume at 0°C and reduces to zero at -273.15°C. 
Actually at this temperature a gas does not remain in gaseous state but changes into the 
liquid or a solid. 

Lord Kelvin (1824-1907) succeeded in measuring temperature of the gas with the help of 
a new scale called the Absolute Kelvin temperature scale or the Kelvin temperature scale. 
According to this scale, -273.15°C is the starting point of the scale. On comparing with the 
Celsius scale, (which starts with 0°C), the two scales are related as 

K = °C + 273 
Example 4.1 
Convert the following Celsius temperatures to Kelvin temperatures: 
(a) -132°C (b) 96°C (c) O'C (d) -12°C (e) 148°C 


Solution 
Using the formula: K =°C +273 
(a) K = -132 +273 =141K (b) K = 96°C + 273 = 369 K 
(c)K=0°C +273 =273K (d) K = -12°C + 273 = 261 K 
(e) K = 148°C + 273 = 421 K 

Example 4.2 


Convert the following Kelvin temperatures to Celsius degree centigrade temperatures. 
(a) 340 K (b)200K = (c) 10K (d) 405 K 


Solution: 
Using the formula: t°C =K- 273 
(a) t °C 2340-273 =67°C (b) t °C = 200 - 273 = -73°C 


(c)t°C=10 -273 =-263°C (d) t °C = 405 - 273 = 132°C 


4.2.1 Relationship between Temperature and Average Kinetic energy of 

Particles in a Gas 

The temperature of a gas depends upon kinetic energy of the molecules. The increase 
of temperature increases the average kinetic energy of the molecules and vice versa. 
Derivation of relationship between Kinetic Energy and Temperature 

The average kinetic energy of the gaseous molecules is re-distributed with rise or fall of 

temperature. It can be explained with the help of kinetic equation of gases. 
According to kinetic equation of gases, 
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PV= 3 m Nc? 
and KE- 2 mc? 
Again we consider Pv = : mNc? 
Qe ll a 
=£N(— mc? 
3 G mc?) 
= 2 NKE) .— d. (3) 
Now consider one mole of gas. It will posses Avogadro's number (Na) of molecules, 
Then N = Na 


Therefore PV 2/3 N, (K.E) 


According to the General Gas Equation 

PV =nRT 
For one mole of agas,n=1then PV= RT 
Comparing equations (4) & (5) we get, 


ZN, (KE) =RT 
2N, (K.E) = 3RT 


KE= 3RT 
2N; 
= 3R : 
K.E = kT, where = k, a constant quantity. 
A 
or K.EoCT 
Conclusion 
The Kelvin Temperature of a gas is actually the measure of average translational K.E of 

its molecules. 


In gases and liquids, the temperature explains the average translational energy of the 
molecules. In solids where molecules cannot move freely, temperature becomes a measure of 
vibrational K.E. 


4.2.2 Gas Pressure in the Light of Kinetic Molecular Theory 


According to the Kinetic molecular theory, gas molecules are in constant random motion. 
They move in straight line until they collide with another molecule or the walls of the container. 
The pressure of a gas in a container is due to the force exerted by its molecules on the walls of 
the container. The average kinetic energy of gas molecules is directly proportional to the Kelvin 
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temperature. So the average kinetic energy of a collision when a gas molecule collides with the 
walls of a container will not change at constant temperature. 


Gaseous pressure and its various units 

When a balloon is inflated, its walls expand. The balloon walls tend to collapse due to the 
squeezing of air trapped inside. However this must be counterbalanced by a force exerted by 
the trapped gas. This force is called Pressure. 

So a force being exerted over a unit area is called Pressure. 

So, p= where P is measured in Pascal, Force in Newton and the 


area in m?. 2 
A Pascal (Pa) is defined as the force of one Newton (N) spread over an area of 1m?. 
Units of Pressure: 
SI Units: 
SI unit for pressure is Pascal (Pa), in S.l. system, unit of force is Newton (N) and the unit 
of area is metre square (m?). Thus Pascal is one Nm?. 


1 atm = 101325Pa 7-101325 Nm? 
1 atm 7 14.7 Psi (Pounds per square inch) 
1 atm 7 101.325 kPa 
1atm = 7T60torr = 760mm of Hg 
1J = 1Nm =10’ ergs = kgm?s? 
1 Cal = 4.18J 
1 atm = 1.01325 bar 
Interconversion of Pressure in Pascals, Kilo Pascals and atmosphere 
Example 4.3 
Convert 10 Pascals into (i) Kilo Pascals (ii) atmosphere 
Solution: 


(i) One Kilo Pascal = 1000 Pascals 
or 1000 Pascals = one Kilo Pascal 


10 Pa = —1_ x10 = 0.01 Kilo Pascal 
1000 


(ii) One atmosphere = 101325 Pa 
or 101325 Pa = one atm 


10 Pa = |. x40 =0.000098 atm 
101325 


Self Check Exercise 4.1 
Example: Convert 35 Psi into (i) Pascal (ii) Kilo Pascal (iii) Atmosphere 


4.2.3 Effect of Change in Pressure on the Volume of a Gas (Boyle’s Law) 


In the middle of the 17" century, Robert Boyle (1627-1691) and his assistant Robert Hooke 
(1635-1702) made many investigations about the relationship between Pressure and Volume of 
a gas. In 1662, Robert Boyle reported that with increase in pressure on a gas, it’s volume 


decreases. This was stated as Boyle's Law. It states that the pressure of a fixed amount of a 
gas varies inversely with its volume, the temperature is maintained constant. 


Mathematically, Peg or P=k xt where k is proportionality constant. The value of k 
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is different for different amounts of the same gas. 
Again P-kx Y or PV =k, thus the product of volume and Pressure remains constant 


provided the temperature is kept constant. 

P4 V1=k (For gas at pressure P, ) 

P2 V2- k (For gas at pressure pP, ) 

Therefore V,P, = V;P, where v,and P, are initial volume and Pressure while P2 and V2 

are their final Pressure and volume. 

When the Pressure of a gas is plotted against volume at different temperatures, we get a 
family of curves as shown in the figure 4.7. Each curve is a hyperbola with different values of k. 
Each curve is known as Isotherm (constant temperature plot). As the temperature is increased, 
the Isotherm goes away from both the axis. This is because at higher temperature, the volume 
of the gas is increased. 
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Figure 4.7: Graphical representation of different forms of Boyles Law 


Example 4.4 
An ideal gas occupies a volume of 0.300 dm? at a pressure of 1.80 x 10° Pa. What is the 
volume of the gas maintained at the same temperature if the pressure is reduced to 1.15 x 105 Pa. 


Solution 
V, = 0.300 dm? V2= ? 
P, = 1.80 x 10° Pa P, 71.15 x 105 Pa 
According to the Boyle's Law 
V.P, =V,P, 
V.P, 
"ERU 
or 2 
P, 
_ 0.300 dm? x 1.80 x 10° Pa 
1.15 x 10° Pa 
= 0.300 x 1.80 


dm? = 0.469 dm? 
1.15 
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Example 4.5 

At sea level, where the pressure was 755 torr, the gas in a balloon occupied 2m?. What 
volume will the balloon expand when it has risen to an altitude where the pressure is 

(a) 100torr (b) 10torr temperature remains constant 


Solution 
(a) P, 7 755torr P, = 100torr 
V,=2m? W=? 
According to the Boyle's Law 
VP, =V,P, 
2m? x 755torr = V, x 100torr 
_ 2m? x 755torr 


or 
2 100torr 
2x755 
V, = 100 m? 215.10m? 
(b) V, = 2m? Vv, =? 


P, 2755tor P, =10torr 
According to the Boyle's law 
VP, =V,P, 
2m? x 755torr = V, x 10 torr 
2m' x 755 torr 

10 torr 


=2* 755 a. 3 
10 m? - 151m 


Fil Self Check Exercise 4.2 


375cm? of a given gas has a pressure of 770mm of Hg. What will be the volume if 
the pressure is reduced to 750mm of Hg? (Ans: 385 cm?) 


or V2 == 


4.2.4 Effect of Change in Temperature on the Volume of a Gas: 
(Charle's Law) 

The thermal expansion of gases was studied by Jacques Charles 
(1746-1823). He derived the relationship between volume of a gas and temperature in 1787. 
This relationship is known as Charles's law. It states that at constant pressure, the volume 
of a given mass of a gas varies linearly with the absolute temperature of the gas. 
Charles's law can also be stated as "at constant pressure the volume of given mass of gas 


increases or decreases by z times of its original volume at 0°C for every 1°C rise or 


fall in temperature respectively." 
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From his preliminary investigations, Charles observed that the gases such as H2, CO2, O2 
etc. expanded equally on heating from 0°C to 80°C at constant pressure. 
Derivation of critical form of Law 

Suppose the volume of a gas at 0°C = Vo 


Volume at 1 °C =Vo+ Vo— 
273 


2 
273 


Volume at t °C = Vo+ v, t 
273 


Volume at 2 °C= Vo+ Vo 


t 
V = Vo[1+ —— 
t [1+ 273] 


273+t 
273 ] 
Where t °C +273 =T (Absolute temperature) 
T 
= Vell 
_ Vo 
t 273 
Thus the Law states that the volume of a definite quantity of a gas at constant pressure 
is directly proportional to the absolute temperature. 
Again Væ T or V = kT, where T is the temperature on absolute scale. Thus the 


temperature on degree centigrade or Celsius scale can be converted to the absolute scale or 
Kelvin scale (after the name lord Kelvin 1824-1907) by adding 273.15. 


Thus K=t°C + 273.15 


Now V=kT or {=k 


= Vol 


Thus the Law may also be defined as, “the ratio between volume and temperature is 
always a constant quantity.” 


V, V. 
So = = and — =k 
1 2 
MM v 
d T P=] Alm P=2 Atm 
Where V: and T: are initial volume 30 BAIE 
and absolute temperature. V2 and T2 are 
final volume and absolute temperature. V | 20}- 
The equation for Charless Law Pied. Aim 
gives a straight line proved by plotting a B 
graph between volume and temperature. 
Different straight lines are obtained with 
different pressures, which are a constant oT 7300. 490. 3600. "800. ]o00- 
quantity. Each constant pressure line is 
called an "Isobar". = 


Figure 4.9: Graphical verification of Charles lew 
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4.2.5 Absolute Zero 
According to critical definition of Charles's Law, at constant pressure, the volume of given 
mass of a gas increases or decreases by aa of its original volume at 0°C by 1°C rise or fall of 


temperature, respectively. 
Let the volume of an ideal gas at 0°C is Vo cm? 


Volume at -1°C = vo-—!_ vo " 2 
273 $ P d 
Volume at -273°C = v, 273 y, y d 
273 3 E. 

Thus exactly at -273°C, the volume of a ee 
given mass of a gas reduces to zero. A graph oo" 
between volume and temperature gives a P d 
straight line and cuts the temperature axis at cesus JE PT; aa 
—273.15?C. SCALE m -200 age we 190 » bead 

Thus the hypothetical temperature at KELVIN SCALE 0 h E E ais dis sh TEMPERATURE 


which the given volume of a gas reduces 
to zero is called Absolute zero. For this 
reason a new temperature scale has been 
developed. This new scale is called Absolute or Kelvin scale. It starts from —273.15*C which is 
marked as zero Kelvin. 
— 273.15°C = Zero Kelvin 

This is applicable for all other gases as well and is the lowest possible temperature in the 
gaseous state but actually it does not happen because all the gases liquify or solidify before 
they reach this temperature (— 273.15°C). This temperature is considered as the lowest 
possible temperature. 


Figure 4.11: Effect of decrease of temp on adefinite 
volume of a gas at constant pressure 


Example 4.6 

If 50 cm? of a gas in a syringe at 15°C is heated to 50°C and the piston of syringe is 
allowed to move outwards against constant atmospheric pressure, calculate the new volume of 
the hot gas. 
Solution 

Vi =50cm?  V2=? 

Tı = 15°C + 273 = 288K — T2 = 50°C + 273 = 323K 

According to Charles's Law 


Vio Ve or 50cm? _ V, v, =50* 323 , om? x K 
T T 288K 323 ? 288 K 
= 56cm? 
Therefore the new volume of the hot gas = 56cm?. 
Example 4.7 


At 17°C, a sample of H2 gas occupies 125cm?. What would be the volume at 100°C? 
(Pressure remains constant) 
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Solution 
V, = 125cm* Vv, =? 
Ti =17°C + 273 T2 = 100°C + 273 
= 290K = 373K 
According to Charles’s Law 
Me 2X 
T 2 
125cm — V, a y, = 125x373 cm? x K 
290K 373K 2 200 ` K 


= 160.78cm? 
Thus the new volume will be 160.78 cm? 


aH Self Check Exercise 4.3 


A Volume-Temperature experiment which was performed on a sample of H2 gas 
produced the Charles's Law relationship V= 0.167T (V is in dm). At what temperature 


in degree Celsius would this sample of gas occupy 50dm?, if the pressure remains 
constant? (Ans: 26.40*C) 


4.3 AVOGADRO'S LAW 


An Italian Physicist Amedes Avogadro (1776-1856) in 1811 proposed that a given volume 
of any gas at fixed temperature and pressure must contain the same number of independent 
units (particles). These particles may be atoms, molecules or both. 

This means that if we take equal volumes of two gases at a fixed temperature and 
pressure, the number of molecules of both gases will always be the same. It means volume is 
directly proportional to the number of molecules, where v is volume of the gas and n are 
number of molecules, the independent entities. 

Avagadro's Law states that equal volumes of all gases at the same temperature 
and pressure must contain equal number of molecules. 

Mathematically Von or V=Kxn 


4.3.1 The Significance of Avogadro’s Law 


The exact number of particles (atoms, molecules) has been calculated in one mole of a 
substance with the help of spectrometer and may be called as Avogadro's number, after the 
name of Avogadro. It is numerically equal to 6.022 .. 1073 particles per mole. It was confirmed by 
Joseph Loschmidt (1821-1895). In the case of mono-atomic gases, it should be 6.022 .. 1073 
atoms mole"! and 6.022 . 107? molecules mole" in the case of di- and poly-atomic molecules. 

e.g. 1 mole of Hydrogen atom is equal to 1.008 g. 

It contains 6.022 . 107° atoms of hydrogen. However one mole of H., gas having 


molecular mass as 2.016g will contain 6.022 .. 1023 molecules. 
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Now it has been calculated that if we have one dm? of H 
STA 


its mass will be 0.09g at 


2: 


0.09gH, at S.T.P = 1dm? 


1 


2.016gH, (one mole) at S.T.P = oog x 2.016dm? = 22.44 dm? 


Thus 1gram molecule or one mole of H, will have 22.4dm? at S.T.P. This volume of 
22.4dm? at S.T.P is called Molar volume. 
Generally one mole of any gas at S.T.P. occupies a volume of 22.4dm?. But one mole of 


the same gas will contain 6.022 x 10° molecules. Other examples are as following: 

1 mole of N, (28 g) at S.T.P. =22.4dm? = 6.022 x 10” molecules 

1 mole of Cl, (71 g) at S.T.P. 222.4dm? = 6.022 x 10? molecules 

1 mole of o, (32 g) at S.T.P. =22.4dm* = 6.022 x 10? molecules 

1 mole of CO, (44 g) at S.T.P. =22.4dm* = 6.022 x 10? molecules 

The standard temperature is 0°C and pressure is one atmosphere. 
Example 4.8 

Calculate the (i) number of molecules and atoms (ii) Number of mole 
(iii) Volume in dm? of 10g of ammonia at S.T.P. 
Solution: 
(i) Number of molecules and atoms 

According to Avogadro’s Law, one mole of any gas at S.T.P. contains 6.022 x 10? 

molecules in case of di-atomic and poly-atomic molecules. For example, in the case of 
ammonia one mole of it contains 6.022 x 10? molecules. 


Now mass of NH, - 10g 
Number of moles of NH, =———™@SS__ = 10 
molecular mass d 
7 0.588 moles 


One mole of NH, at S.T.P. = 6.022 x 10? molecules. 


0.588 moles of NH, at S.T.P. = 0.588 „6.022 x 10” molecules 
23.54 x 10” molecules 
Now number of atoms = no of molecules x atomicity (Number of atoms in one molecule of NH.) 
= 3.54 x10” x 4 
= 14.16 x 10 atoms 
(ii) Volume in dm? 
We know that 
22.414dm? of any gas at S.T.P = 1 mole 
22414dm? of NH, at S. TP — - 17g 


or 17g NH, = 22.4dm? 


10g NH, = 22.414 x 10 = 13.184 dm? 
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uH Self Check Exercise 4.4 


Calculate the number of molecules in (i) 1dm? of oxygen (ii) 2dm? of Hydrogen 
(iii) 2.5dm? of nitrogen All gases are at S.T.P. 


(Ans: (i) 2.7x107? (i) 5.4x10? (iii) 6.75x10?) 


4.4 IDEAL GAS EQUATION OR EQUATION OF STATE FOR AN 
IDEAL GAS 


An equation that shows the effects of simultaneous changes in pressure and 
temperature on the volume of given amount of a gas is called ideal gas equation or equation of 
state for an ideal gas. 


4.4.1 Derivation of Ideal Gas Equation 
The ideal Gas Equation is a combination of three Laws: 
1. Boyle's Law 2. Charles's Law 3. Avogadro's Law 
Now according to Boyle's Law 


"ES z (at constant.....T and n) (1) 


According to Charles's Law 

V « T (atconstant....Pandn) (2) 
According to Avogadro's Law 

V æn (atconstant....P and T) (3) 
Where n is the number of moles of the gas. 
Combining equations (1), (2) and (3), we get 

Væl nT VOSA V=R nT 

P P P 
or 
PV =nRT 

Where R is a constant called general gas constant. This equation is called general gas 
equation or ideal gas equation. 


fn | 21 ThenPV=RT or A =R 
PN 
So TES =R (For first condition of gas) 
1 
PV, 
and =R (For second condition of gas) 


RM PY, 
T, T 
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4.1.1 Standard temperature and pressure 

Ideal gas equation enables us to calculate the effect of a change in temperature and 
pressure on the volume of a gas. One cannot compare volumes unless they are stated at the 
same temperature and pressure. Gas volumes are usually compared at 0°C (273K) and 1 atm. 
These conditions are referred to as standard temperature and pressure (STP). 


Example 4.9 


A certain mass of a gas occupies 1000 cm? at 57°C and 726 mm of Hg. What will be the 
volume at S.T.P? 


Solution 
V,.1000cm* V2 =? 
P,.726mm of Hg P, = 760mm of Hg 
T,.57°C + 273 T; = 273K 
= 330K 
Now apply the general gas equation 
P, V, = P, V, 
T, T, 
726mm of Hg x 1000cm? — /60mm of Hg x V; 
330K 273K 
v, = 126mm of Hg x 1000cm? | 273K 
s 330K 760mm of Hg 
V, = 726 x 1000 x 273 mm of Hg x cm? x K 
2 330x 760 K x mm of Hg 


V2 = 790.3 cm? 
So the volume of the gas at S.T.P = 790.3cm? 


Pi Self Check Exercise 4.5 


Q.1 A given mass of a gas occupies 850 cm?at 320K and 0.92x10°Nm “pressure. 


Calculate the new volume of the gas at S.T.P. (Ans: 658.410cm?) 
Q.2 A container contains 2.5m? of Helium gas at 15°C and 98 Nm?pressures. What 
volume would this gas occupy at S.T.P? (Ans: 2.3x1 03m?) 


4.4.3 Significance of General Gas Equation and Different Units of Ideal gas 
Constant (R) 


With the help of the Ideal Gas equation, we can determine: 
(a) | Molecular mass of the gas. (b) Density of the gas. 


(i) 


(ii) 
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Molecular Mass of the Gas: 
According to the general gas equation PV = nRT ............. (1) 
But n (no of moles) - E Where W = mass of the gas M = molecular mass of the gas 


Putting the value of n in equation-1 


PV =WRT 
M 

MPV =WRT 

or M= WRT 
PV 


So molecular mass (M) can be calculated if P, V W and T are known. 
Density of the gas (g dm?): 


According to the General Gas Equation, PV-nRT — 0 222 (1) 
but n = Ww. Therefore py = w RT O MP= w RT 
M M v 
as T - q (density), 
so  MP-d RT 
or zMP^ » Nesbit (2) 
RT 


So knowing the values of P, T and M, the density can be calculated. 


Numerical Value of R: 
The value of R can be calculated in different ways as shown below: 


(i) If one mole of a gas is taken at S.T.P (273 K, 1 atm), then the volume occupied by it 
is 22.4dm?. Now according to the general gas equation. 
PV =nRT 
Where V = 224dm? P=1atm n=1mole T=273K ThenR =? 


From the equation 

PV =nRT 

PV. 224dm! x1atm 

“nt mole x 273K 

= 224 * 1 am! x atmmole^K" 

1x 273 
R =0.0821dm’atm mole” K“ 
(ii) If pressure is measured in mm of Hg or torr and V in cm? then 

R= 0.0821dm? x atmmole*K* 
= 0.0821dm? x 760mmof Hg mole ^ K* 
= 62.4 dm?mmHg mole” K^ 
= 624 dm'torr mole” K” (one mm of Hg = one torr) 
= 62.4 x1000cm? torr mole ^K 
= 62400cm*torr mole" K” 
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(ii) In SI Units, pressure is expressed in Nm? and volume in mê, then 


V = 0.0224m? (1dm? = 10? m?) 
P - 101325Nm? 


n 7 1mole 
= 273K 
? 

VP 


nT 
_ 0.0224 m? x 101325Nm*? 
7 1mole x 273K 
_ 0.0224 x 101325 
"4x 273 


R=8.3143 Nm mole K 
Now we know that 1 Nm 7 1 J 


So, R=8.3143Jmole'K" 


T 
R 
R 


m? Nm? mole K"* 


Example 4.10 
Calculate the average molar mass of air at sea level and 0°C if the density of air is 1.29 
kgm. 
Solution: 
At sea level the pressure may be taken equal to 1 atm or 101325 Pa. We know that 
a= ME or M (average molar mass) = Luis (1) 
RT P 
Where d =1.29kgm* 
R = 8.3143 Nm mole K1 
T - 273K 
P= 101325 Nm? 


Now putting the values of these in equation (1) 
_ 1.29kgm* x 8.3143 Nm mole" K"x 273K 


M 
101325Nm? 
_ 0.0289. kgm? x Nmmole"K"K 
N.m? 
M = 0.0289 kg mole” 
Example 4.11 


A certain gas occupies a volume of 6 dm? under a pressure of 720 mm of Hg at 25°C. 
What volume will this gas occupy under standard conditions of Temperature and Pressure 


(S.T.P)? 


Solution 
V, = 6dm? Vv, =? 
P, = 720mm P, = 760mm 
T1= 25904273 — T2- 273 K 
=298K 
According to the General Gas Equation 
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V= P VT 
PY, 2o RM or 2° TP 
T, T "2 
"E 720mmx 6dm? x273K 
? 298K x760mm 
V2= 5.2 dm? 


Example 4.12 
Four grams of CH, at 27°C and a pressure of 2.5atm occupies a volume of 2.46 dm?. 


Calculate the value of R. 


Solution 
Mass 


No of moles of CH, = ———*"" ___ 
Molecular mass 


n=  =0.25 moles 
16 


T = 27°C + 273 = 300K 
P= 2.5atm 
V =2.46dm° 
R=? 
According to the General Gas Equation, 
VP =nRT 
."» 
nT 
_ 246dm! x 2.5atm 
0.25 mole x 300K 


R 20.0821dm? atmmole*K* 


or 


Example 4.13 
Find the density of ammonia gas at 100*C when confined by a pressure of 


1600 mm of Hg. 
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Solution d=? 
T = 100°C + 273 = 373K 
1600 
P = 1600 mmot Hg, c-atm:2:105 atm 


My, = 17gmole" 


R 70.0821 dm? atm mole K1 
Now according to the General Gas Equation, 
MP =dRT (Derived from General Gas Equation) 


MP. 17g mole" x 2.105atm 
"RT 0.0821dm'atm mole K" x 373K 
_ 17% 2.105 
~ 0.0821 x 373 


=1.169gdm* 
4.5 DEVIATION FROM IDEAL GAS BEHAVIOUR: 


A gas which obeys the general gas equation (VP = nRT) and all the gas laws especially 
Boyle’s Law and Charles’s Law is called an Ideal gas. No such gas is known. In reality no gas 
is ideal because they show deviations at low temperature and high pressure. The gases which 
do not obey general gas equation and all the gas laws strictly are called non-ideal gases. All 
knows gases are found to be real under certain conditions. 


4.5.1 Why Real gases Deviate from the Gas Laws? 


The following table shows the volumes of hydrogen gas at different pressures and at 
constant temperature. Do you think this data verifies Boyle’s law? 


or 


0.1 224.1 22.41 
| 50 « | 0.4634 23.71 | 
| 1000 0.384 38.34 | 


The result (PV) is quite different, temperature remains constant. 


The real gases show deviation from ideal behaviour at low temperature and high 
pressure. Van-der Waals attributed the deviation of real gases from ideal behaviour due to two 
faulty assumptions in kinetic molecule theory of gases. 

(i) Inter molecular Forces of attraction: 

There are no attractive or repulsive forces between the gas molecules. 


(ii) Volume 
The volume of the gas molecules is negligible as € 
compared to the volume of the container. 2) um = 2y 
Explanation of deviations: e o 4 a" (S 
(i) At lower temperature: E BÀ 
At high temperature the kinetic energy of the gaseous : 
a) Low pressure (b) High pressure 


molecules is very high. As a result the attractive forces Fig. 4.15: Effect of pressure on 
between them are negligible. But when temperature is volume of one mole of a gas 
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decreased, the kinetic energy of the molecules decreases. The intermolecular forces 
become significant. It means that the molecules come close to each other. At a certain 
very low temperature the gases change into the liquid state. Therefore attractive forces 
between the gas molecules become significant near liquefying temperature. That is why 
the ideal gases deviate from their original behaviour at low temperature e.g. SO, 
liquefies at C10*C while H, at —252.7°C. Therefore attractive forces between SO, 
molecules cannot be considered negligible at room temperature. For this reason SO, 
gas shows non-ideal behaviour at room temperature as compared to H2 gas. 
(ii) At high pressure 

At low pressure actual volume of gas molecules is very small as compared to the 
volume of the container. However, this volume does not remain negligible at high 
pressure. This can be understood from the following figure. 


When pressure is one atm, individual volume of one mole of gas molecules say 32cm? 
is negligible as compared to the total volume of gas 22400cm?. But if it is subjected to a 
pressure of 100atm, the volume of the gas is reduced to 224cm?. Under this pressure, 
individual volume of gas molecules (32cm?)is not negligible as compared a volume of the gas 
(224cm?). 


Graphical Representation 
For one mole of a gas, if a graph is plotted 


between A and pressure, then for an ideal gas, it 


must give a straight line (the temperature remains at 
0°C. But actually it is seen that the gases do not give a 
straight line. They deviate from their ideal behaviour as 
shown in the figure. 

Actually, when the pressure is initially increased, 
it pushes the molecules closer and increases the 
intermolecular forces. Due to these forces, the volume Soc ad eae BOAR 1506 
of the gas shrinks more than that predicted from the Fig. 4.16: Deviations from ideal behaviour 
gas laws. (i.e. Boyle’s Law). This will decrease the 

PV 


value of a. That is why the gases do not show a straight line. T is called compressibility 


factor. For ideal gases it should be one, whereas for real gases it is not equal to one. 


4.6 VAN DER WAALS EQUATION 


(CORRECTION FACTORS TO IDEAL GAS EQUATION) 

The general gas equation is not applicable to real gases at all temperatures and 
pressures. In order to make it applicable to real gases, a Dutch Scientist Van der Waals in 
1873 made correction in volume and pressure of the gases and derived an equation known as 
Van der Waals equation. Both those assumptions are not true at high pressure and low 
temperature. 
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Volume Correction 
Van der waal thought that, when a gas is compressed the molecules are pushed so 

close together the repulsive forces operate between them. When pressure is further increased, 
it is opposed by the molecules themselves. This is because the molecules have definite 
volume, no doubt very small as compared to the volume of vessel, but it is not neglibile. So 
Vander Waal's postulated that the actual volume of the molecules per mole of gas is 
represented by b, then the volume avaible to gas molecules is the volume of vessel minus the 
volume of gas molecules. 

V = Vvessel - Vmolecule 

V is free volume 

Vimolecule = nb 

where b is individual volume of one mole of the gas molecules and ‘n’ is total no. of moles 
of the gas molecules. It is interesting to note that b is not equal to the actual volume of gas. In 
fact it in four times the actual volume of molecules (b=4Vm) 

So V = Vvesa =- nb 0 0 00006 (1) 


Pressure correction 

A molecule in the interior of a gas is attracted by other moleules on all sides, so these 
attractive forces are cancelled out. However, when a molecule is about to strike the walls of the 
container, it experiences a force of attraction towards the other molecules of the gas, so the 
molecules cannot hit the walls of the vessels with that much force with which they should have 
been hitting in the absence of these attractive forces. 

It means that the pressure being observed on the walls of the vessels is a little bit lesser 
than the ideal pressure. 

Therefore, Pobserved = Pideal - Plessened 

If the ideal pressure is denoted by Pi and the pressure lessened due to molecular 
attractions is denoted by P’ then 

Pobserved = P — P' 
and P > = Pobserved + P’ 

P’ is determined by the forces of attraction between molecules which are striking the 
walls of the container ( say type A) and molecules which are pulling them inward (say type B). 
The net force of attraction is proportional to the concentration of type A and type B molecules. 

: P'oc C4. C. 
Let n is the number of moles of A and B type molecules separately and total volume of both 
types of molecules is V.So, 


nn 

VV 2 
2 : past 
n Vv 


Where ‘a’ is constant of proportionality and is called as co-efficient of attraction per unit 


volume. It has a constant value for a particular real gas. 
2 


P TL 


After the correction of volume and pressure, PV = nRT becomes 
(P+ an) (V-nb) = nRT 
For 1 mole of gas,n=1, then 
P+ (V-b)=RT 
This is the Van der Waals equation for an ideal gas. 
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2 PV Rm m 
As pane o a0] As b is incompressible 
itm (dm volume per mole of a gas, 
atm.(dm 
^ mole? its units should be dm? mole 


- atm.dm? mole? 


| Substance a (dm* atm mole?) | b (dm*mole) 
He 0.0247 | -0.0266 i 
He 0.0034 0.0237 
N2 0.1408 0.0391 
O2 0.1378 | 0.0318 
Cle 0.6579 0.0562 
Ar 0.1355 0.0322 
Kr 0.2349 0.0398 
co 0.1505 0.0399 
NO 0.1358 0.0279 
CO? 0.3640 0.0427 
HCI 0.3716 0.0408 
SO? 0.6803 0.0564 
H20 0.5536 0.0305 
NH3 0.4225 0.0371 
CH4 0.2283 0.0428 
CChF2 0.1066 0.0973 

Example 4.14 
One mole of methane gas is maintained at 300K. Its volume is 250cm?. Calculate the 
pressure exerted by the gas under the following conditions. 


(i) | When the gas is ideal 

(ii) When the gas is non-ideal, and 
a = 0.2283 dm? atm mole? 
b = 0.0428 dm? mole” 


Solution: 
(i) When the gas is ideal 
General gas Equation is applied here. 
(a)Gas = Methane: 
n =1 mole 
= 300K 
250cm? = 0.25dm? 
0.0821 dm? atm Molek 
? 


ua<H 


nur 
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Now applying the General Gas Equation, 


PV = nRT, 
P= nRT 
v 
_ 1mole x 0.0821dm° atmmole” K” x 300K 
0.25dm* 
_ 1% 0.0821 300 molé x dmifatmmote^ K* x K 
0.25 : gni 
= 98.52 atm 


(ii) When the gas is non-ideal (Here Van der Waals' equation is applied) 
2, 
(P + T2) (V - nb) = nRT or 


mal nRT 
V? (V-nb) 

nRT na 

V-nb V? 

Putting the following values in this equation. 

n =1mole, R=0.0821dm? atm mole’ K* 

V = 0.25dm3, T= 300K, a = 0.2283dm® atm mole?, b = 0.0428dm? mole” 
p = 1 mole x 0.0821dm? atm mole^K* x300K — 1mole* x 0.2283dm^ atm mole ? 


0.25dm' - (1mole x 0.0428 dm’ mole") (0.25dm* 


E 24.63dm/atm 0.2283 dm? atm 
~ 0.25 dm? -0.0428dm? — 0.0625 dm? 
_ 24.63 dm? atm 
^ 0.2072dm* 
= 115.2178 atm 


4.7 DALTON'S LAW OF PARTIAL PRESSURE AND ITS 
APPLICATIONS 


An English Chemist John Dalton (1766-1844) showed in 1801 that “The total pressure 
exerted by a gaseous mixture is equal to the sum of partial pressures of each gas 
present in the mixture." The law is only obeyed, if the component gases do not chemically 
react with each other. Moreover the gases must behave ideally. The partial pressure is the 
pressure exerted by one component of the gaseous mixture. 

Total Pressure (P.) =P, +P, + P; 


Whereas P, P, and P, are the partial pressures of individual gases. 


- 3.6528 atm 


Particular Example 
Air is a mixture of non-reacting gases. Percentage of each gas in the gaseous mixture is 
N, (78.08%), O, (2096), Ar (0.93%), CO, (0.03%). Traces of Ne, He, Kr, H,, along with various 


amounts of water vapours and pollutant (which can pollute the atmosphere) gases such as 
oxides of sulphur and Nitrogen are also found in air. The total pressure exerted by the air will 
be the sum of partial pressure of each gas. 
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(i) Relationship between pressure and no. of moles of a gas: 
If na, ne and nc are the number of moles of the gases and Pa, Ps and Pc be their partial 
pressures respectively. 
Then, according to the general gas equation. 
PV - nRT 


ForgasA, Pp, = DART 

ForgasB, p,- nRT PE (2) 

Forgas C, pP, = cT Muni (3) 
P= nRT 


Where nt (total no. of moles of all the gases) = na + nb + nc 
Dividing equation (1) by (4) 
P, , nART nRT 


B V V 

Pom RTM 

BOY RX 

P, n n 
cud , =A xP, 
t n n, 


Similarly P,*n& and Peen 
In general 

No of moles of that gas 
Total no of moles of all gases 


x Total Pressure 


Partial Pressure of any gas = 


(ii) Relationship between pressure and mole fraction of a gas: 


We know that 
Partial Pressure of any gas _ Noof moles of that gas 


Total Pressure of allgases Totalno of moles of all gases 


B =—or P=^%xp 
Pon ni 


n 
but i E X where Xi is called mole fraction of the component 
so, P=PX 


Thus the partial pressure of any component is equal to the product of total 
pressure of all the components and mole fraction of that component. 
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Applications of the Law of Partial Pressure 


i. Collection of gases over water: 
The Dalton's Law is particularly useful when a gas is generated and subsequently 
collected over water provided the gas is insoluble in water. The total pressure consists 
of the pressure of the water vapours in addition to the pressure of the gas that is 
generated. The pressure due to water vapour is called aqueous tension. 

Thus Pj PA, +P, or Pas = Pr, P 


otal ^ gas Water vap gas ‘otal 7 ' Water vap 
The gas contaminated with water may be called a moist gas. 


ii. Respiration at higher altitudes: 
The respiration process in living things depends upon the differences in partial pressure 
e.g. partial pressure of O,in the outside air is higher (159 mmHg) than in the lungs 


where the partial pressure of o,is lower (116 mmHg). However at high altitudes, the 
pressure of oxygen decreases and the pilots may have un-comfortable breathing in a 
non-pressurized cabin where the partial pressure of O2 is about 150 mmHg. 

iii. Respiration by deep sea divers: 
Deep sea divers breathe air under increased pressure. At a depth of 40 metres, the 
pressure increases 5 times than the normal pressure. Therefore regular air cannot be 
used in diver's tanks because the partial pressure of 0, would be 795 mm of Hg (159x5 


= 795 mm of Hg) in that case. Therefore deep sea divers use to breathe a mixture of 
96% He and 4% O» (Heliox) in the respiration tank, the scuba. 

A scuba (self-contained breathing apparatus having oxygen used by divers 
underwater) contains compressed air to breath. As diver returns to the surface, it 
becomes hazardous for him if not handled properly. As the diver comes up, the pressure 
of the surrounding water drops. Consequently, the compressed air in the lungs expands. 
Surfacing must be done very slowly so that the compressed air may escape out from 
the lungs without causing damage to them. 


iv. How deep sea divers respire on return from sea: 
The percentage of N, in air is about 80%. If N, is present in diver's tank, the solubility of 
N, in blood can increase with increase in pressure in very deep sea. And blood of a 
diver may be saturated with N, during a dive. If the diver returns quickly and relatively at 
low pressure at the surface, he will face life threatening condition called the "bends". 
Deep sea divers must either use different solutions of gases such as He in O2 or spend 
many hours in a decompression chamber after a 
dive. The pressure in a decompression chamber DO YOU KNOW 
is slowly lowered over many hours. Nitrogen gas | The ae 4 agr Se re 
" In sea diver s tanks is calle iellox. It is 
comes out of the blood and disposed off safely for Eizo wal im Waid © (elsi 
normal breathing. patients suffering from Asthma. 
Example 4.15 
At 27°C a volume of 500cm? of H2 measured under a pressure of 400 mm of Hg and 
1000cm? of N, measured under a pressure of 600 mm of Hg are introduced into an evacuated 


2dm? flask. Calculate the resulting pressure. 
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Solution 
We will apply Boyle's Law, as the temperature is constant. 

For H, 

V,=500Cm* = 0005 =0.5dm* 

1000 

V, -2dm? 

P, =400mm Hg 

P,-? 

AccordingtoBoyles'law 


. 400mm Hgx0.5dm* 
i 2dm* 
= 100 mm Hg 


P, 


For N, 
V1 = 1000cm? = 1dm? 
V2 = 2dm? 
P1 = 600mm Hg 
P=? 
According to Boyle's law 
P1V1 = P2V2 
p B 
2 V, 
. 600mm of Hgx'dm* 
J 2dm’ 
= 300 mm Hg 
Hence Total Pressure = pi, +Py, 
= 100mm Hg + 300mm Hg 


P, 


- 400mm Hg 

Example 4.16 

Find the total pressure exerted by 2g of ethane and 3g of CO, contained in a 5dm? vessel 
at 50°C. 
Solution 

44 g of CO2 = 1 mole 

3gCO, 2x 3 = 0.068mole 

44 


Number of moles of CO2 = 0.068 mole 
V =5dm* T=50°C + 273 = 323K R = 0.0821dm° atm K” mole" 


Now according to the General Gas Equation 
Neo, RT 
PV =nRT or Poo, V = nco, RT or Poo, = E 
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p= 0.068 mole x 0.0821 x dm? atm.K “mole” x 323K 
Co, 5dm? 
_ 0.068 x 0.0821x 323 = 9. 361atm 
5 
30g Ethane (C, H,) = 1mole 


2g Ethane(C,H,) = 5 x 2 = 0.067mole 


V = 5dm? n = 0.067moles T = 50°C + 273 = 323K 
R = 0.0821dm? atmK * mole” 


PV=nRT or 
Hen RT 
P. CH 
C2Hs V 
nRT  0.067moles x 0.0821dm? atm K“ mole” x 323K 
= = 3 = 0.355 atm 
V 5dm 
Total Pressure = co, + Pon, 
= 0.361 atm + 0.355 atm 
70.716 atm. 
Example 4.17 


1.00 mole of N, and 3.00 moles of H, are enclosed in a container of volume 10.0 dm? at 
298K. What are the partial pressures and the total pressure? 
Solution 

No of moles of N, (n:) 1.00 mole 


No of moles of H, (nz) 3.00 mole 
Total number of moles (nya) = 1+3 = 4 mole 


vV = 10.0 dm? 
T = 298K; R = 0.0821 dm? atm K ^! mole“ 
According to the General Gas Equation, PV=nRT 
or Po = Pra RT _ 4 * 0.0821 x 298 drí atm € mele? x K 
Total V 10 . dmf metet 
_ 4 x 0.0821x 298 
= MUT atm 
= 9.77 atm 
Dy, 1 
B, = — xP. =—* 9.77 = 244atm 
? n 4 
Total 


ELT -3 e 
P, = — x Pota = 4 x 9.77 =7.33atm 


Example 4.18 

A certain mass of H2 gas collected over water at 6°C and 765 mm Hg pressure occupied 
a volume of 35cm’. 

Calculate its dry volume at S.T.P. (V.P. of water at 6°C = 7mm of Hg) 
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Solution: 
Vi = 35cm, V2= ? Pi = 765-7mmHg = 758mmHg P2 = 760mmHg. 


Tı = 6+273 = 279K, T2 273K 

Applying the Gas Equation, 

MP, Š V,P, o Ve V,P, Ta Z 35cm? x 758mmHg x 273K =34.2cm? 
T, T, TP, 279K x 760mmHg 


TW Check Exercise 4.6 


A gas was collected over water at 10*C and 803mm of Hg. If the gas occupies 
73cm, calculate the volume of dry gas at S.T.P. (aqueous tension at 10°C = 9.2mmHg). 
(Ans: = 73.55cm?) 


Diffusion: 

The spontaneous intermixing of molecules of one gas with another at a given 
temperature and pressure is called Diffusion. Diffusion is the random movement of a gas from 
an area of higher concentration to an area of lower concentration. 

e.g.(i) | Fragrance of rose. 
(ii) Intermixing of NHs and HCI to gives dense white fumes of NH, Cl. 


NH; + HCl ——— NH;CI 
(iii) Reddish brown bromine (Br;) gas taken in a test tube will combine with air taken in 
another test tube. Red colouration of Br, gas will spread in the test tube containing air. 
(iv) If liquid ink is left in the bottom of test tube containing water, it will spread evenly 
throughout the water. 
Effusion 
The movement of gaseous molecules through extremely small pores in a region of low 
pressure is called Effusion. This escaping of molecules is not due to collisions but due to their 
tendency to escape one by one. 


4.8 GRAHAM'S LAW OF DIFFUSION AND EFFUSION 


An English Scientist, Thomas Graham in 1831 (1805-1869), measured the rates at which 
equal volumes of various gases escaped from an apparatus at the same temperature and pressure. 
Graham found that the less dense a gas was (the lighter its particles), the faster the gas escaped. 
Graham's Law of diffusion and effusion of gases: 

In 1831 Graham showed that "Rate of diffusion or effusion of a gas is inversely 
proportional to the square root of its density". Later in 1848 he himself showed that "The rate of 
diffusion or effusion of a gas is inversely proportional to the square root of its molar mass." 

Mathematically it can be shown as 


rc—— (i) and pac. — (ii) 


M 


where r = rate of diffusion, 
d= density of the gas, and M = Molar mass of the gas 
1 

From equation (i) T% -= or PER SÉ iii 
q (i) Vd d (iii) 

df lion (i) T e (iv) 
and from equation (ii M or rz: k= iv 

M M 


where k = constant of proportionality. 

Let us have two gases with rı and r2 as their rates of diffusion and d1, d2, M1, M be their 
densities and molar masses respectively. 

For two different gases, equation (iii) can be written as 


nz T "n (v) and n- T HARE (vi) 


Dividing equation (v) by (vi), 


^, =- |% and may also be written as ^ = [M2 because d œ M 
M, 


T. 


1 2 


n. d 
Thus &5.[d =M 
n Vd M, 
Example 4.19 
Equal volumes of HCI and SO, are confined in a porous container. What would be the 
comparative rates of diffusion of these gases through the porous walls? The molecular masses 
of HCI and SO, are 36.5 and 64 respectively. 
Solution 
Molecular mass of HCI (M,) = 36.5 amu 
Molecular mass of SO, (M,) - 64 amu 
Rate of diffusion of HCI (1) =? 
Rate of diffusion of SO, (r,) =? 
According to the Graham's Law of Diffusion: 
n. M [94 
nt VM, V365 
n (HCI) : r, (S0,) 
1.33 : 1 
Hence rate of diffusion of HCI will be 1.33 times the rate of diffusion of SO, . 


aH Self Check Exercise 4.7 


If 465cm? of SO» can diffuse through porous partition in 30 seconds. How long will 
620 cm? of H2S take to diffuse through the same partition (H = 1, S = 32, O = 16) 
(Ans: 29.15 sec) 
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4.9 LIQUEFACTION OF GASES 


Principle 

The gases can be liquefied by Joule-Thomson's effect. The liquefaction of a gas 
requires high pressure and low temperature. When a highly compressed gas is allowed to 
escape out through a throttle (small hole), the temperature falls to such an extent that it 
changes into the liquid form. 

At high pressure, the gaseous molecules come close to each other with the result that the 
molecular attractions increase. When it is allowed to escape through a nozzle (small hole) into 
a region of low pressure, the molecules move apart. In doing so, energy is needed to 
overcome the intermolecular attractions. This energy is taken from the molecules themselves. 
Therefore the gas is cooled. This process is repeated for many times until the gas completely 
changes into the liquid form. 


4.9.1 Linde's Method (1895) 


According to Joule-Thomson's effect "When a highly 
compressed gas is allowed to escape out through a throttle 
the temperature of the gas falls to such an extent, that it 
changes into the liquid form". This is the basic principle of 
the adiabatic expansion which is thermally isolated from its 


environment. Figure 4.19: Linde's method for 
Working Steps liquefaction of air 
(a) Airis compressed to 200 atm approx. 
(b) Most of the water in the air condenses and is removed. 
(c) The heat generated as a result of compression is removed by passing the gas through 
coils C. (Figure 4.19) 
(d) The dry gas is then passed through a copper spiral coil S. 
(e) Itis then expanded to almost atmospheric pressure through a controlled valve V. 
(f) | When the air comes out of the valve the expansion takes place from 200atm to 1atm. In this 
way fall of temperature occurs. This cold air goes up and cools the incoming compressed air. 
(g) The cycle is repeated several times. 
(h) The temperature of the expanding gas finally drops and the remaining air is liquefied. 
(i) The liquid air collects in the chamber L and can be drawn off. 
(j) | Any uncondensed air is re-circulated. 


Uses of Linde's Method 


E Construction of appliances: 
The construction of appliances such as refrigerators, heat pumps 
and air conditioners all work on the principle of Joule-Thomson's 
effect. 
In a refrigerator a compressor compresses a gas such as Freon. 
Thus an increase in temperature takes place. The hot Freon 
gas moves to a condenser on the outside of the refrigerator. Air at H 
room temperature cools the gas down and as a result condenses Figure 4.20 Cooling 


into liquid. gas path in a 
refrigerator 


Applications of Kinetic Molecular Theory 
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The liquid Freon, now at room temperature, is then passed through a small hole in a 
restriction valve into the low pressure tubes which are inside the refrigerator. There, the 
Freon liquid vaporises rapidly. The heat of vaporisation needed to do this is drawn from 
the kinetic energy of the Freon molecules becoming very cold. This cold gas absorbs heat 
from the refrigerator and its contents, thereby cooling. Then the Freon gas is once again 
fed into the compressor and the cycle starts over again. 


Self cooling pop can (container) 
A small container holding liquid COz is built right into the can. When 
the can is opened, the liquid CO2 vaporises and escapes out of the top 
of the can. The heat absorbed by the vaporising CO2 can lower the 
temperature of the POP by about 16°C in a few seconds. Thus the 
temperature is lowered considerably. 


Velocity of molecules: Figure 4.21 
The equation for the root mean square velocity deduced from kinetic equation is 


3RT 
Comm = A ME 


Cms = root mean square velocity 

M = molecular mass of the gas 

T = absolute temperature. 

This equation gives a quantitative relationship between the absolute temperature 
and the velocities of gas molecules. Higher the temperature of a gas, greater would be 
the velocities of the molecules. 


Graham’s Law of diffusion of gases: 
According to the postulates of Kinetic Molecular Theory, the Kinetic Energy of the 
particles is proportional to the Absolute Temperature. 


As, E «mv > Ely E o ve ue 
m m m 


as at constant temperature K.E will remain constant so ./2E, = Constant 


Therefore vet 
m 


Thus the kinetic molecular theory predicts that the average speed depends upon 
the molecular mass (m). Further the average speed of the particles is inversely 
proportional to the square root of their molecular mass. 


E 
ri Self Check Exercise 4.8 
1. A person can inhale a maximum of 0.115 moles of air per breath. Calculate the 


. 130 cm? of a gas exerts a pressure of 750 mm of Hg at 20°C. Calculate its pressure if 


maximum volume of air, a person can inhale in one breath if the atmospheric 
pressure is 100kPa and the person's body temperature is 37°C. (Ans: 2.96 dm?) 


its volume is increased to 150 cm? at 35°C. (Ans: 683.28 mm) 


| 
| 
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4.10 FOURTH STATE OF MATTER - THE PLASMA 


Plasma is the fourth state of matter. It was identified by William Crooks in 1879. He 
obtained it by heating molecular gas changing into atomic form and then to ionic form at higher 
temperature. (Molecular gas _, Atomic gas _, lons) 

At a higher temperature of 10000K to 100000K (10eV to 100eV) electrons are removed 
from the atoms to form ions. Plasma is composed of a mixture of un-ionized gas, free electrons 
and positively charged particles. Most of the universe contains matter in the Plasma state 
(about 99%). All shining stars and interstellar space is filled with plasma. On our planet earth, 
plasma does not exist. Plasma is fourth state of matter DO YOU KNOW 
because of unique physical properties, distinct from 
solids, liquids and gases. 


Black holes which are not directly 
visible are thought to be fuelled by 
accerting ionizing matter i.e. plasma 


4.10.1 Properties of plasma 


It is a substance in which many of the atoms or molecules are ionised effectively 
allowing charges to flow freely. It takes place at very high temperature. Plasma has the 
following properties: 

a. Plasma consists of neutral particles, positive ions and free electrons. 

b. Plasma is strongly influenced by both magnetic and electric force. 

c. Plasma shows a characteristic glow depending upon the gas present in the discharge 
tube e.g. oxygen gives a red glow, hydrogen green and Nitrogen purple or pink glow. 


References for additional information 
* Thomas J. Green Bowe, Jeffrey Pribyl and K. A. Burke, Chemistry an Experimental Science. 
* Graham Hill and John Holmar, Chemistry in context. 
* John C. Kotz, Paul M. Treichel and Gabriela C. Weaver, Chemistry and chemical 
reactivity. 


1. Choose the correct answer (MCQs) 
i. When compressed hydrogen is allowed to expand rapidly, it causes; 


(a) Cooling (b) Heating (c) Liquefaction (d) Solidification 
ii — 760 torr is equal to Pascal. 

(a) 760 Pascal (b) 101325 Pascal (c) 1.01325 Pascal (d) One Pascal. 
ii; | The number of molecules in 4 g H2 are number of molecules of 56 g of N2. 

(a) Equal to (b) less than (c) Greater than (d) None of these. 


iv. According to the Kinetic theory of gases, the molecular collisions are elastic. Such 
collisions cause; 
(a) No energy change (b) A small energy change 
(c) High energy change (d) None of these. 
v. What volume would one mole of hydrogen occupy at S.T.P? 
(8) 11.2 dm? (b) 22.4dm3 (c) 33.6dm? (d) 44dm? 


Gates aa 


vi. According to Graham's Law of diffusion, the rate of diffusion of H2 and Oz has the ratio; 


(a) 1:4 (b 1:V4 (c) 4:1 (d) 2:32. 
vii Deep sea diver's tank contains; 

(a) 96% He + 4% O, (b) 4% N2 + 96% O, 

(c) 50% N, + 50% O, (d) None of these 
vii. In S.I units, the value of R is; 

(a) 8.3413 Nm K mole"! (b) 8.3143 dm? atm K mole 

(c) 0.0821 dm? atm K- mole! (d) None of these 


ix. According to Kinetic Molecular theory kinetic energy of molecules increases when they; 
(a) Are mixed with other molecules at low temperature 
(b) Are frozen into solid (c) Are condensed into liquid 
(d) Are melted from solid to liquid state. 


x | Which gas is more ideal at S.T.P.? 


(a) so, (b) H,S (c) NH, (d) H, 
xi On heating direct conversion of a solid in to gas is called; 

(a) evaporation (b) sublimation (c) diffusion (d) boiling 
xii In which of the following are the particles the most disordered? 

(a) water (b) steam at 100°C (c) impure water at 102°C. (d) water at 0°C 
xiii, When steam condenses, the particles; 

(a) shrink to a smaller size (b) lose energy to their surroundings 

(c) move further apart (a) vibrate about fixed positions. 


xiv. The particles of a gas can be described as; 
(a) only moving outwards in direction (b) vibrating about defined position 
(c) rising upwards (d) moving randomly in all directions. 


xv. Which of these changes would speed up the rate of diffusion the most? 


| Decrease Decrease 


a 

b Decrease Increase 
c Increase | Increase 
d Increase Decrease 


xvi. Which of the following gas has the lowest density under room conditions? 
(a)CO  (b)N, (c) Ne (d) NH, (e) o, 
xvii. Which statement provides the best evidence that matter may exist as tiny particles 
moving at “random motion"? 
(a) Many elements conduct electricity. 
(b) Air can be readily compressed. 
(c) A small mass of water produces a much larger volume of steam. 
(d) If a bottle of ether is opened, the smell is quickly detected in all parts of the room. 


AO 
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xviii. Which of the following is an example of diffusion? 
(a) Bubbles rising in a beaker of boiling water. 
(b) Steam condensing on a cold window. 
(c) Water spreading out on the surface of a table. 
(d) The spreading of the smell of flowers in a garden. 


xix. "Which statement explains why the compounds propane and CO, diffuse at the same rate? 


(a) They are both gases. 

(b) Their molecules contain carbon. 

(c) They have the same relative molecular mass. 
(d) Both are denser than air. 


Write brief answers to the following: 

i. What is Absolute Zero and Absolute Scale of temperature? 

ii What is Plasma? 

iii, | What are the different units of gas constant (R)? 

iv. Define Pressure. How will you explain its different units? 

v. Define Charles Law. How will you derive Absolute Zero with its help? 

vi. Define Avogadro's Law. 

vii. What is the difference between an ideal gas and a real gas? 

viii. How will you derive the general gas equation with the help of Boyle's law and 

Charles's law? 

What are the main postulates of the Kinetic Molecular theory of gases? 

Relate temperature to the average K.E of the particles in a substance. 

(a) Whatare the Standard Temperature and Pressure? (S.T.P). 

(b) What is the density in grams per dm? of SO2 at 25°C and 300 mm of Hg pressure? 

(a) Kinetically how will you interpret the effect of temperature on gaseous molecules? 

(b) How will you explain the gas pressure with the help of Kinetic Theory? 

(a) Define pressure. Derive SI units unit of pressure. 

(b) Explain the effect of change in pressure on the volume of a gas, temperature remains 
constant. — Boyle's Law. 

(c) How will you verify it graphically? 

(d) A sample of air occupies 1 dm? at room temperature and pressure. What pressure is 
needed to compress it so that it occupies only 100 cm? at that temperature? 

(Ans: 10atm) 

How will you explain the effect of change in temperature on the volume of the gas? 

(a) Give a graphic representation of the Charles's Law. 

(b) To what temperature must a 1dm? sample of a perfect gas be cooled from room 
temperature in order to reduce its volume to 100 cm?? (Ans: 29.8k) 

(a) How will you derive the Absolute Zero? 

(b) How will you explain the Absolute Temperature scale on the basis of Charles Law? 

(a) Define and Explain Avogadro's Law, How does it help to determine 
(i Mass (ii) Volume (iii) Molecules of the gas 

(b) Can we derive the Avogadro's Law for liquids and solids? 
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(a) How will you derive the Ideal or General Gas Equation with the help of Boyle's Law, 
Charles Law and Avogadro's Law? 

(b) How will you determine 
(i) Molecular mass of the gas. 
(ii) Density of the gas by Ideal Gas Equation. 

(a) The value of Ideal Gas constant (R) can be calculated in three ways. Explain these 
three ways in detail. 

(b) The density of air at 161.325 kPa and 298.15K is 1.59g dm?. Assuming that the air 
behaves as an ideal gas, calculate its molar mass. (Ans: 22.48g mole”) 

(a) What is the difference between a real gas and an Ideal or perfect gas. What are the 
deviations in Ideal behaviour of real gases? 

(b) What are the causes of deviations of real gases from their ideal behaviour. Explain 
these deviations at 
(i) | Low temperature. 
(ii) High pressure. 

How will you derive the Van der Waal's Equation keeping in view the general or ideal gas 

equation (VP. = nRT). 

(a) Define and explain the Dalton's law of partial pressure. How does it explain the 
(i) Relationship between pressure and mole of a gas 
(ii) Relationship between pressure and mole fraction of component. 

(b) Give practical applications of the Dalton's law of partial pressure. 

(a) By use of the Van der Waal's equation, find the temperature at which 3 moles of S02 
will occupy a volume of 10 dm? at a pressure of 15 atm. 


a= 0.6803 atm dm mole? , b= 0.0564 dm? mole" (Ans:336.43°C) 
(b) A certain gas occupies a volume of 6 dm? under a pressure of 720 mm of Hg at 25°C. 
What volume will this gas occupy under standard conditions? (Ans: 5.2 dm?) 


(a) Define and derive the Graham's law of effusion and diffusion. 

(b) The time required for a given volume of Nz to diffuse through an orifice is 35 seconds. 
Calculate the molecular weight of a gas which requires 50 sec to diffuse through the 
same orifice under identical conditions. (Ans: 13.72 g/mol) 

(a) Interpret phenomenon liquefaction of gases. 

(b) How will you liquefy gases by Linde's method? 


LIQUIDS 


lesson, you will be This is 9 days lesson 
(period including | jomework) 


e Define molar heat of fusion and molar heat of vaporization. 
e Define dynamic equilibrium between two physical states 


e Describe simple properties of liquids e.g., diffusion, compression, expansion, motion of molecules, spaces 
between them, intermolecular forces and kinetic energy based on Kinetic Molecular Theory. 


e Explain physical properties of liquids such as evaporation, vapour pressure, boiling point, viscosity and 
surface tension. 


e Describe how heat of fusion and heat of vaporization affect the particles that make up matter. 
e Explain applications of dipole-dipole forces, hydrogen bonding and London forces 


e Use the concept of Hydrogen bonding to explain the following properties of water: high surface tension, 
high specific heat, low vapour pressure, high heat of vaporization, and high boiling point. And anomalous 
behaviour of water when its density shows maximum at 4 degree centigrade. 


e Relate energy changes with changes in intermolecular forces. 
e Describe liquid crystals and give their uses in daily life. 
* Differentiate liquid crystals from pure liquids and crystalline solids. 


INTRODUCTION 


A simple definition of a liquid is that "it is a material that assumes the shape of a 
container without filling it completely”. A gas on the other hand takes the shape of the vessel 
and has the characteristics to fill it completely. A solid neither takes the shape of the vessel nor 
fills the container completely. The definition of a liquid is satisfactory on the whole with the 
exception of glasses, polymers (e.g. PVC etc); they appear in the solid but at higher 
temperatures they behave like liquid even before they melt. The cohesive force i.e. force of 
attraction between molecules of substance in a liquid are stronger than those in a gas even at 
high pressure. 


5.1 KINETIC MOLECULAR INTERPRETATION OF LIQUIDS 


The kinetic molecular theory also applies to liquids. Postulates of kinetic molecular theory 
of liquids are given below: 


(a) Aliquid is made up of molecules which touch one another. 
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(b) The molecules within the liquid are in constant motion but the movement of molecules is 
restricted due to their close packing together. 

(c) Attractive forces among liquid molecules are greater than those among gas molecules. 
However these attractive forces are not sufficient to hold molecules in fixed position. 
The liquid molecules can slide each other. 

(d) The average Kinetic Energy of liquid molecules is directly proportional to the Absolute 
Temperature. 

(e) At constant temperature, the average K.E of the molecules is equal to the K.E of the 
vapours of liquids. 


5.1.1 Properties of Liquids 
There are some simple properties of liquid e.g. diffusion, compression, expansion, 
motion of molecules, spaces between them, intermolecular forces, and Kinetic Energy based 
on Kinetic Molecular Theory. We can use the Kinetic Molecular Theory to account for the 
simple properties of liquids. 
i. Diffusion 
The diffusion in liquids takes place because the molecules move from one place to 
another due to K.E. The restricted movement of the molecule reduces the rate of diffusion 
e.g. a drop of ink when added to water diffuses slowly due to relatively small empty 
spaces between the molecules. The diffusion between closely packed molecules of 
liquids is slow due to less collision between them. 


ii. Compression (effect of pressure) 
A liquid cannot be compressed significantly by increasing the pressure because the 
molecules are already in close contact with one another e.g. an increase of pressure from 
one to two atmospheres reduces the volume of water to 0.0045 percent which is 
negligible. However the same pressure reduces the volume of a gas up to 50 percent. 


iii. Expansion (effect of temperature) 

The liquids expand on heating because the intermolecular forces between them 
decrease. Moreover the increase of temperature increases the effective collisions 
between the molecules. If the temperature is decreased, contraction of volume takes 
place. This property is useful for making thermometers, e.g. mercury thermometer. In it, if 
the temperature rises, the mercury expands in the capillary tube. As the volume of 
capillary is much less than the volume of the bulb containing mercury, a small expansion 
gives a large movement of mercury thread. 


iv. Motion of molecules 
The molecules move with lesser speed due to larger forces of attraction among them, As 
a result they have lesser kinetic energy. However the kinetic energy increases with the 
increase of temperature. 


V. Spaces between them 
The molecules forming the liquid states are fairly close to each other. There is very little 
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space between them. As a result the numbers of collisions among the molecules are 
moderate. Therefore, the average kinetic energy is also moderate. 


vi. Intermolecular forces 
The attractive forces existing between the individual particles of a substance are called 
intermolecular forces. The physical properties of liquids such as boiling point, vapour 
pressure, surface tension, viscosity and heat of vaporization depend upon the strength of 
intermolecular attractive forces. 


vii. Kinetic Energy based on Kinetic Molecular Theory 
According to the kinetic molecular theory, the molecules due to strong inter-molecular 
attractions have minimum movements and minimum collisions. Let us consider the 
example of water, as the molecules are closer to each other and have strong forces o 
attractions due to hydrogen bonding so have low kinetic energy. 


5.2 INTERMOLECULAR FORCES 


The forces of attractions among the molecules of a DO YOU KNOW 
liquid are called inter-molecular forces. For example, | Lizards can stick to walls and ceilings 
water exists as a liquid due to inter-molecular attractions | because of Vander Waal's forces. 
called hydrogen bonds. The forces of attraction existing 
between the molecules of a substance are also known as Vander Waal's forces. The physica 
properties of liquids can be explained in terms of their intermolecular forces. 


The intermolecular forces are of five types: 
e Dipole-Dipole forces 

* lon-Dipole forces 

e Dipole-induced dipole forces 

e London Dispersion forces 

e Hydrogen bonding 


5.2.1 Dipole — Dipole Forces 

Polar molecules have charges at different parts of a molecule. Due to these charges they 
attract each other. 

The attractive forces between the positive ends of one molecule with the negative end of 
other molecule are called dipole — dipole forces. This means dipole — dipole interactions are 
electrostatic interactions between permanent dipoles in molecules. Examples of polar 
molecules include hydrogen chloride (HCI) chloroform (CHCI, ) etc. 


Stronger these dipole-dipole forces, greater would be the value of thermodynamic 
parameters like melting point, boiling point, heat of vaporization, heat of sublimation etc. 
5.2.2 London Dispersion Forces 


The forces of attractions between non-polar molecules which become polar for an 
instant are called London dispersion forces. 
Substances like hydrogen, helium, neon, argon, chlorine, fluorine, methane etc are non- 
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polar in nature. These gases can be liquefied and solidified under appropriate conditions. 
Some forces must be holding these molecules in contact with one another in the liquid and 
solid states. 

In He gas, on the average, the electron charge density is evenly distributed in a spherical 
region about the nucleus. However, at any given instant, the actual location of two electrons 
relative to the nucleus can produce an instantaneous dipole. This temporary dipole, in turn, 
can influence the distribution of electrons in neighbouring helium atoms, producing induced 
dipoles in those atoms (Fig. 5.1). 


o om o 


(a) Unpolarized (b) Instantaneous (c) Induced diple 
Molecule dipole 


Fig. 5.1: London dispersion fources Instantaneous dipole 


The forces of attraction between an instantaneous dipole and an induced dipole 
are known as a dispersion force. It is also called as London dispersion force, named for 
Fritz London who offered a theoretical explanation for these forces in 1928. 

Factors Affecting London Dispersion Forces 
Factors affecting the London dispersion force are: 
i. Atomic or molecular size 
ii. Polarizability 
iii. Number of atoms in a molecules 
(i) Atomic or Molecular.Size 

The strength of these forces depends upon the size of the electronic cloud of the atom or 
molecule. With the increase in size of atom or molecule, the dispersion becomes easy and 
these forces become prominent. Inert gases are all monoatomic gases. They do not make 
covalent bonds with other atoms because their valence shells are complete. Their boiling point 
increase down the group from He to Rn (Table 5.1). This is because of increase in molecular 
size. 


Table 5.1: Boiling points of noble gasses 


Boiling Points (°C) -268.6 -245.9 -185.7 -152.3 -107.1 -61.8 
(ii) Polarizability 

The polarizability of an atom or molecule is a measure of the ease with which electron 
charge density is distorted. Large atoms have more electrons and larger electron cloud than 
small atoms. In large atoms, the outer electrons are more loosely bound, they can shift 
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towards another atom more easily than the more tightly bonded electrons in small atoms. This 
means polarizability increases with increased atomic and molecular size. For example among 
halogens, the first member, F2 is a gas at room temperature, the second member, Cl is also a 
gas but it is more easily liquefied than Fz. Bromine is a liquid and lodine is solid at room 
temperature. Because large molecules are easily polarizable, the intermolecular forces 
between them are strong enough to form liquids or solids. 


(iii) Number of atoms in a molecule 

Elongated molecules make contact with neighbouring molecules over a greater surface 
than do small molecules. Greater the number of atoms in a molecule, greater is the 
polarizability of the molecule. Table 5.2 shows boiling points and physical states of some 
hydrocarbons. 


Table 5.2: Boiling points and physical states of some hydrocarbons. 


CH, -161.5 Gas 

CH, -88.6 Gas 

C.H, -42.1 Gas 

D HC -0.5 Gas 
CH, 36.1 Liquid 
| CH, 68.7 Liquid 
C. Hs 174.1 Liquid 


Note that C,H, and C,H, have the boiling points as -88.6°C and 68.7°C respectively. 
This shows that the molecule with a large chain length experiences stronger attractive forces. 


5.2.3 Hydrogen Bonding 


A hydrogen bond is the attraction between the lone pair of an electronegative atom 
and a hydrogen atom that is bonded to either N, O or F. This limits hydrogen bonding 
mainly to the participation of nitrogen, oxygen and fluorine atoms. Hydrogen bonds are weaker 
than covalent bonds but stronger than dipole-dipole interactions, which are stronger than 
London dispersion forces. The boiling point and heat of 150 
vaporization of water are higher than those of H,S 100 Es 


because H,O molecules attract each other through H- so 


bonding whereas H,S molecules attract each other by 


Boiling point (C. 


dipole-dipole interactions. 50 e p 
Applications of Hydrogen Bonding 9p Seen 
(i) Thermodynamic properties s E prets 

The boiling points of hydrides of group IVA, VA, | -» T 
VIA and VIIA plotted against period number of the i Period ^ à 
periodic table is shown in figure 5.2. Fig. 5.2: A graph between period number 


and the boiling points of hydrides 
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The boiling point of hydrides 

Note that hydrides of group IVA have lower boiling points. The reason is that these 
hydrides are non-polar and have only London dispersion forces among their molecules. 
Hydrides of group VA, VIA and VII-A have polar molecules. NH,, H,O and HF show maximum 
boiling points in their respective series. This is due to hydrogen bonding in their molecules. The 
boiling point of H,O seems to be more affected than that of HF. As F is more electronegative 
than O. One should expect H-bonding to be stronger in HF than H,O. But boiling point of H,O 
is higher than that of HF. The reason is that fluorine can make only one hydrogen bond with 
hydrogen of the neighbouring molecule. On the other hand oxygen atom can form two 
hydrogen bonds with the neighbouring molecules. NHs can also form only one hydrogen bond 
per molecule as it has only one lone pair. 


(ii) Solubility of Hydrogen Bonded Molecules 

The compounds that have hydrogen bonds are soluble in each other. Ethyl alcohol can 
dissolve in water because both can form hydrogen bonds with each other. Similarly carboxylic 
acids are also soluble in water, if their molecular sizes are small. 
(iii) Cleansing Action 

Soaps and detergents perform the cleaning action. Their molecules contain both polar 
and non-polar ends. Their polar parts are water soluble due to hydrogen bonding and non- 
polar part dissolve oil or grease. Attraction between water and polar end of soap molecule 
carries the oil or grease droplet into the water. 


(iv) Hydrogen Bonding in Paints and Dyes 

Paints and dyes have adhesive action due to hydrogen bonding. Similarly hydrogen 
bonding also makes glue and honey sticky substances. 
(v) Clothing 

We use cotton, silk or synthetic fibres for clothing. Hydrogen bonding is of great 
importance in thread making materials. This hydrogen bonding is responsible in their rigidity 
and tensile strength. 
(vi) Food Materials 

Food materials like carbohydrates consist of glucose, fructose, sucrose, each of them 
contains -OH groups which is responsible for H-bonding in them. 
(vii) Hydrogen Bonding in Biological Molecules 

The structure of proteins, substances essential to life, is determined partly by hydrogen 
bonding. The action of enzymes, the protein molecules that catalyze the reactions that sustain 
life, depends in part on the forming and breaking of hydrogen bonds. The hereditary 
information passed from one generation to the next is carried in nucleic acid molecules joined 
by hydrogen bonds into an elegant structure. 


5.3 PHYSICAL PROPERTIES OF LIQUIDS 
In a liquid the molecules are very close to each other due to the presence of 
intermolecular forces. As a result their independent motion is greatly hindered and the flow of 
liquid and the rate of diffusion are much less than in the case of gases. The existence of 


powerful forces of cohesion (forces between similar types of molecules e.g. H2O) is 
responsible for the main properties of liquids. 
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The properties of liquid molecules are as under: 

i. Additive properties: 
Such properties depend upon the number and kind of atoms present in the molecule e.g. 
molecular weight. 

ii. Constitutive properties: 
Such properties depend upon the arrangement of atoms in the molecules and not their 
number e.g. optical activity. 

iii. Colligative properties: 
Such properties depend on the number of ions and molecules present but do not depend 
upon the structure of molecules. e.g. Osmotic pressure etc. 


5.3.1 Vapour Pressure and Boiling Point 

When a liquid is heated, its V.P. increases due to the decrease of intermolecular forces 
with rise in temperature. As a result more and more vapours escape in the air. A stage reaches 
at which the liquid begins to boil. So the temperature at which the vapour pressure of the 
liquid equals to atmospheric pressure or some external pressure is called boiling point 
of that liquid. 


e.g. Boiling Point of water at 760mmHg = 100 °C 
Boiling Point of water at 23.7mmHg = 25°C 


Effect of Pressure on boiling point of a Liquid: 
There are two practical applications regarding the effect of pressure. 


i. Effect of Increase of Pressure: 
Food can be cooked easily in pressure cookers, which is a closed container. The vapours 
are not allowed to escape out and, therefore, develop more pressure. This increases the 
B.P of water. Pressure cookers help us in cooking the food quickly even at high attitude 
e.g. B.P of water at 2026mm Hg is 130°C 


ii. Effect of decrease of pressure: 
The liquids which decompose at their B.P can be obtained in the pure form under 
reduced pressure by vacuum distillation e.g. Glycerine has a B.P of 290°C at 760mmHg 
but it decomposes at its B.P. Now in order to get it in the pure form, the V.P is decreased 
to 50mmHg by vacuum pump. The B.P decreases to 210°C at 50 mmHg, so it boils 
without decomposition. In this way the liquids can be purified. 


5.3.2 Evaporation 
Evaporation is the process in which liquid molecules escape from the surface and enter 


the gas phase. It can be explained in terms of the energy 
possessed by the molecules on the liquid's surface. 


SCIENCE TITBITS 


EST A : Sweat evaporation is a natural coolin 
Surface molecules whose kinetic energies are higher than | system AS human body 9 
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average kinetic energies, overcome the intermolecular forces that bind them to the liquid and 
enter the gas phase. After their escape, the average kinetic energy of the remaining molecules 
decreases. Therefore temperature of the liquid decreases, thus evaporation is a cooling 
process. 


The factors which can affect the rate of evaporation are as follow: 


i. Surface Area 
The rate of evaporation increases with increasing surface area. This is because large 
surface area allows more molecules to evaporate. 


ii. Intermolecular Forces: 
The escaping tendency of molecules depends upon attractive forces between the 
molecules. the liquids with strong intermolecular forces have less evaporation. Thus 
water has less evaporation rate than petrol. This is because water has stronger 
intermolecular forces (H-bonding) than petrol which has weak dispersion forces between 
the molecules. A liquid which can rapidly change into vapours is called volatile e.g. petrol 
is more volatile than water. 


iii. Temperature 
Evaporation takes place at all temperature. Rate of evaporation however is affected by 
the change in temperature. Increase in temperature increases the number of molecules 
having kinetic energy sufficient to overcome intermolecular forces and escape more 
readily from the surface of the liquid. Thus the rate of evaporation increases with 
increasing temperature. This is why clothes dry more readily in summer. 


5.3.3 Vapour Pressure (V.P) 


In open containers, evaporation continues until all of the liquid disappear. But when a 
liquid is placed into a closed container, amount of liquid decreases for a period of time and 
then does not change. In closed containers, the vapours cannot escape. Therefore, as the 
vapour concentration increases, some of the vapour molecules lose energy and return to the 
liquid state. This process is called condensation. 

Evaporation involves molecules leaving the liquid and condensation occurs when a 
vapour changes back to a liquid. When the liquid is placed in a closed container, it begins to 
evaporate at a constant rate, very little condensation takes place. But as the concentration of 
the vapour increases above the liquid, the rate of condensation increases. After some time the 
rate of condensation equals the rate of evaporation. At this stage, the number of molecules 
entering the gas phase equals the number returning to the liquid phase, the system is said to 
be in a dynamic equilibrium. “The pressure exerted by vapours in equilibrium with its 
liquid state is called the liquid's vapour pressure at the given temperature". 


Factors affecting Vapour Pressure 

Vapour pressure is measured in the same units used for gas pressure. Vapour pressure 
is independent of the amount of liquid, so this is called an intensive property of the liquid. 
Two factors affect liquid's vapour pressure: 


e Intermolecular forces ] I 


| | 
e Temperature aec | 78.3°C | 100°C 


k Intermolecular forces 

The vapour pressure of a liquid depends upon 
the strength of intermolecular forces. Liquids having 
stronger intermolecular forces possess low vapour 
pressure and vice versa. 


TEE 
/ Normal boiling / 

ae / 
Diethyl / pt } 


ether / 
Ethyl alcohol / 

» (ethanol) f 
For example, water having hydrogen bonding VA 

possesses low vapour pressure. On the other hand 200 

ether, petrol etc have high vapour pressure due to 

weak dispersion forces. — 


Water 


ii. Temperature Temperature (°C 

As the temperature increases, the vapour Fig 5.3: Effect of Temp on vapour pressure 
pressure increases. This is because increase in 
temperature increases the average kinetic energies of the molecules which in turn decreases 
the intermolecular forces. For example, vapour pressure of water at 0 °C is 4.6 mm of Hg bu 
at 100°C it is 760mm of Hg. The relationship of vapour pressure and temperature is shown by 
the graph (see Fig 5.3). 

Notice that the vapour pressure of diethyl ether (185mm Hg) at 0? C is much greater than 
that of ethanol (12mm Hg) or water (4.6mm Hg). Ether is non-polar in nature. Therefore, its 
high vapour pressure is due to its weak intermolecular forces (dispersion forces). Thus at the 
surface ether molecules require less energy to break free and change into vapour. Similarly, in 
ethanol intermolecular forces (H-bonding) are not as strong as those of water. Consequently 
vapour pressure of ethanol is greater than that of water at all temperatures. 

It is observed that each of the three vapour pressure curves cross the line 
corresponding to one atmosphere at different temperatures. Therefore they boil at different 
temperatures. Ether boils at 35 °C, ethanol at 78 °C and water at 100°C. 


5.3.4 Viscosity 


It is common observation that water can be poured very quickly from one container to 
another as compared to honey and glycerine. The resistance of a liquid’s to flow is called 
its viscosity. The larger the viscosity, the more slowly the liquid flows. Viscosity measures, 
how easily molecules slide by one another. To understand viscosity, consider a liquid flowing in 
a tube is made up of a series of concentric circular layers. The resistance to flow is due to the 
internal friction between the layers of the molecules. The layers adjacent to the walls have the 
lowest velocity. Each layer exerts a drag on one another and thus causes resistance to flow. 


Units: 
SI units of viscosity is Pascal Second (Pa.s). Non-SI unit of viscosity is poise. 
1 poise = 0.1 kg ms’ org cm's’ 
1Pas = 1kgm' s^ - 10 poise 


5. Liquids 


Factors Affecting Viscosity: 
Viscosity depends on the following factors: 
e Molecular shape and size 
e Intermolecular forces 
e Temperature 


k Molecular shape and size DO YOU KNOW 
Molecular size and shape strongly influence | “In winter the viscosity of blood 
viscosity. Liquids such as water, acetone, benzene and | increases due to cold. The artries and 
veins of human body contract and 
methanol, whose molecules are small and compact | become hard and their diameter 
have low viscosity. Whereas liquids having large and | decrease. As a result the flow of blood 
1 " i and blood pressure is affected. On 
irregular shaped molecules like honey, glycerine tends sitting before fe ib viscosity of blood 
to get tangled up with each other. This inhibits the flow | decreases and its circulation increases. 


of molecules and leads to high viscosity. So the man becomes normal. 


ii. Intermolecular forces 

Stronger the intermolecular force among the molecules higher is the viscosity. Liquids 
whose molecules form hydrogen bonds are more viscous than other without hydrogen 
bonding. For example water is more viscous than methanol mainly due to extensive hydrogen 
bonding. 


iii. Temperature 

Molecules move faster as temperature increases. This is because; an increase in 
temperature decreases the intermolecular forces. This dependence is quite noticeable for 
highly viscous liquids such as honey and syrup. It is easier to pour these liquids when hot than 
when cold. 


5.3.5 Surface Tension 


Hare you ever seen insects such as the water strider to walk on water? What allows it? 
Surface tension is the property of the surface of the liquids to act as if there is a membrane 
stretched across it. We can understand that the level of liquids exhibit surface tensions. All 
molecules below the surface of the liquid are surrounded in all directions by other molecules. 
Thus the force exhibited by such molecules is balanced in all directions whereas a molecule at 
a liquid surface has molecules beside it and beneath it but no one above it. This results in an 
unbalanced force pulling the surface molecules inward. 

The molecules at the surface therefore, feel a net attraction inwards, which creates 
surface tension. "The force in dynes acting at right angle on a unit length of surface of a 
liquid is called surface tension". For a molecule to come to the surface, it must overcome 
the attraction directed downward. This means work has to be done to pull it to surface. 
Therefore, increase in surface areas of a liquid requires an input energy. Surface tension can 
also be defined as the amount of energy required to expand the surface of a liquid by a 
unit area. Molecules at the surface of a liquid are less stable than those inside it, so a liquid is 
stable when the fewest molecules are at its surface. This occurs when the liquid has minimum 


| 
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surface area. Spheres have less area per unit volume than any other. Therefore small drops of 
a liquid tend to be spherical. 


Factors Affecting Surface Tension 
Surface tension of a liquid depends upon the following factors. 


[ Intermolecular forces 
Surface tension of a liquid depends directly on the strength of intermolecular forces. 
Stronger the intermolecular forces among the molecules of liquid, greater is the surface 
tension and vice versa. For example the surface tension of water is higher than many 
liquids such as alcohols, ethers benzene etc. this is due to strong hydrogen bonding 
between water molecules. 


ii. Temperature 
Surface tension of a liquid decreases with the increase of temperature. This is because 
increased kinetic energy of the molecules decreases strength of intermolecular forces. 


iii. Nature of Liquids 
It is different for different liquids due to the presence of different types of intermolecular 
forces. 


Units 
SI unit of surface tension is joule per square meter, Jm?or Newton per meter, Nm. 


5.3.6 Anomalous Behaviour of Water 


Why water does not expand like many substance? In ice hydrogen bonds hold water 
molecules in a rigid but open hexagonal structure. As ice melts, some of the hydrogen bonds 
are overcome, and water molecules move into the holes that were present in ice structure. As 
a result, the H2O molecules are closer together in liquid water than in ice. When ice melts, 
there is a about 9% decrease in volume and a corresponding increase in density. So, water is 
most unusual in this regard, because the liquid state is less dense than the solid for most 
substances. If we continue to heat water just above the melting point, more hydrogen bonds 
are overcome. The molecules become still more closely packed and the density of liquid 
increases to a maximum density at 3.98°C. Below 3.98°C the density of water decreases with 
temperature, as we expect for a liquid. These density phenomena explain why a freshwater 
lake freezes from the top down in winter. When temperature falls below 4?C, the more dense 
water sinks to the bottom of the lake. The colder surface water freezes first. Since ice is less 
dense than water, the water that freezes remain at the top to cover the lake with a layer of ice. 
This layer of ice insulates the water underneath. Thus under this thick blanket of ice, fish and 
plants survive for months. 


5.3.7 Concept of Hydrogen Bonding to Explain the Properties of Water 
Hydrogen bonding in water contributes to its unique properties, which are as follows. 


i. High surface tension 
A stretched membrane is formed on the surface of water. The force on the surface acting 
downwards is due to strong hydrogen bond in water. Therefore a high surface tension is 
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observed. This has been proved by the following data. Which liquid has lowest surface 
tension. 


| Water | 7.275 
| Methanol | 2.26 El 
| Ethanol | 2.28 [ 
| Benzene | 2.888 
| Hexane | 1.84 i 

CCl | 2.70 | 


High specific heat: 

Specific heat is the quantity of heat required to raise the temperature of 1g of the 
substance by 1°C (or by 1K). For example specific heat of water is 4.180J/g°C. It is 
much higher than those of metals. It takes almost ten times as much heat to raise the 
temperature of 1g of water 1°C as to raise the temperature of 1g of iron by 1°C. 
Conversely, much heat is given off by water even a small drop in temperature. The vast 
amounts of water on the surface of Earth thus acts as a giant heat reservoir to moderate 
daily temperature variations. That is why the climate near large bodies of water such as 
lakes, ponds, oceans etc, is more moderate than interior of the land. 


High heat of Vaporization: 

Water has a high heat of vaporization due to extensive hydrogen bonding. A large amount 
of heat is required to evaporate a small amount of water. This is of enormous importance 
to us because large amounts of body heat can be dissipated by the evaporation of small 
amounts of water (perspiration) from the skin. This effect also accounts for the climate- 
modifying property of lakes and oceans. 

High boiling points 

Water has a high B.P. due to strong H-bonding. It is practically observed that the B.P. of 
water is 100°C at one atmospheric pressure (760mm) at sea level, however, the organic 
solvents like benzene (B.P80°C), ether (35°C) etc. have lower B.P. due to poor 
interactions between the molecules. 


5.4 ENERGETIC OF PHASE CHANGES 


Physical and chemical changes are accompanied by energy change in the form of heat. A 


physical change in energy is the quantitative measurement of the strength of intermolecular 
forces. Energy change at constant pressure is known as enthalpy change denoted by AH. It is 
expressed in kJ mole’. When a substance undergoes a phase change (change of state), its 
temperature remains constant, even though heat is being added. 


5.4.1 Molar Heat of Fusion, Molar Heat of Vaporization and Molar Heat of 
Sublimation 
Molar heat of fusion (AH,) is the amount of heat required to convert one mole of a solid 
into its liquid state at its melting point is called molar heat of fusion (AH, ) 
e.g. Molar heat of fusion for ice is +6.02 kJ mole" 


HO —>H,0,, , AH, =+ 6.02 kJ mole 
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Molar heat of vaporization (AHv) 
The amount of heat required to convert one mole of a liquid into its vapours at its boiling 
point is called molar heat of vaporization. 
eg. H0) —— H0, AH, = +40.7 kJ mole 


Molar heat of Sublimation (AHs) 
The amount of heat absorbed when one mole of a solid sublimes to give vapour at a 
particular temperature at one atmospheric pressure is called molar heat of sublimation. 


eg. hy —21 AH, = +62.42 kJ mole" 


2(9) 
5.4.2 Energy Changes and Intermolecular- Forces: 


As a result of melting of a solid, a small change in intermolecular distance and 
potential energy takes place in atoms, molecules or ions. On the other hand on evaporation 
of a liquid atoms, molecules or ions undergo large changes in their intermolecular distance 
and potential energy. Therefore, heat of vaporisation is much greater than that heat of 
fusion. 


Particular examples: 
i. AH, (heat of vapourization) for H,O (40.6 kJ mole’ at 373.15K, for NH, (23.35 
kJ mole: at 239K) and CO, (25.23 kJ mole"at 194.5K) are high due to their polar 


nature and strong intermolecular forces AH, (Heat of fusion) will be as under: 
H,O = 6.02 kJ mole" at 273.15K 
NH, = 6.652 kJ mole"! at 195.4K 
CO,= 8.33 kJ mole" at 217.0K 
i. |, a volatile solid has the highest value of Heat of sublimation i.e 62.42 kJ mole" at 
458.4K. The values for other halogens are 


AH, for Br, = 29.4 kJ mole at 332.4K 
for Cl, = 20.21 kJ mole! at 239.1K 
fog = 3.16 kJ mole? at. 85.0K 


This shows that aH,(heat of vapourization) of is the highest because of strong 
intermolecular forces than the other halogens. 
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5.4.3 Dynamic Equilibrium between two Physical States 

Dynamic equilibrium is a reversible process where the two opposite changes occurring 
simultaneously at equal rates. For example solid to liquid or liquid to gas and vice versa. The 
system moves towards the condition of dynamic equilibrium. 


example 


At 0 °C, ice exists in dynamic equilibrium with liquid water. 


Ice, 4 —— Water quia 


5.4.4 Liquid Crystals and Their use in Daily Life History 

In 1888 an Austrian Botanist, Frederick Reintizer discovered that when crystals of 
cholesteryl benzoate are heated, it forms a milky liquid at 145°C. On further heating, the milky 
liquid suddenly becomes clear. When the clear liquid is cooled, the reverse process occurs. 


The milky or turbid 
temperature i.e. mel 


iquid is called liquid crystal. The liquid crystal state exists 


between two 


ing temperature and clear temperature. It is a form of matter intermediate 


in characteristics between a liquid and solid crystal. They have properties of liquids and show 
viscosity, surface tension etc. 


Definition 
(i) The subs 
liquids wi 


(ii) The intermediate phase lying between the solid phase and the norma 
is called liquid crystal. 


Uses in daily life 


ance which can flow like a liquid and also have some of the 
hin a certain temperature range are called liquid crystals. 


i. Liquid crystal 


change their colour with change in temperature. 
ii. They are used to monitor temperature changes where conventional me! 


s are used as temperature sensors. This is because the 


properties of 


liquid phase 


iquid crystals 


hods are not 


feasible, e.g. they are used in thermometer for measuring skin temperature of infants. 
iii. Some of the modern room thermometers contain liquid crystals with a suitable 
temperature range. As temperature changes, the liquid crystal show up the figure in 


different colours. 
iv. They are used to find the point of potential failure in micro-electronic circui 


S. 


v. They are used to locate the veins, arteries and tumours, e.g. when a layer of liquid 
crystal is painted on the surface of the breast, a tumour shows up as a hot area which is 
coloured blue. Thus this technique helps in early diagnosis of breast tumours. 

vi. Liquid crystals are used in the display of numbers and letters of electrical devices such 
as digital watches, calculators and computers etc. 

vii. Liquid crystals are used in LCD screens of oscillographs and TV. 


Science Titbits 


The mucous secreted by slugs and snails behaves like liquid crystals. Its rod-shaped 
molecular arrangements align in varying degrees to control the viscosity of the mucous to 


adapt to different 


ground conditions. 
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5.4.5 How to Differentiate Liquid Crystals from Pure Liquids and 


Crystalline Solids 


A liquid crystal is a state of matter which is in between pure liquid (transparent) and 
crystalline solid. 


i.e. crystalline solid ——— liquid crystals —— pure liquid 
A liquid crystal resembles the crystalline solid in certain respects, e.g. optical 
properties. However pure liquids remain as such. 


A crystalline solid may be isotropic (A substance showing same properties in all 
directions) and an anisotropic (A substance showing different properties in different 
direction) but liquid crystals are always isotropic. Pure liquids remain as such. 


Liquid crystal is intermediate in between pure liquid and crystalline phase. 


References for additional information 


Holderness & Lambert, A New Certificate Chemistry. 
John Olmsted III and Gregory M. Williams, Chemistry, The Molecular Science. 


Osei Yaw Ababio, New School Chemistry. 
George M. Bodner and Harry L. Pardue, Chemistry, an experimental Science. 


Choose the correct answer (MCQs). 
i Van Der Waal's forces are effective; 


(a)At long distance (b) Both at long as well as short distance 
(c)Only at short distance (d) Independent of distance 

ii | Which one of the following forces are also called London forces? 
(a)lon-dipole forces (b) Dipole-induced dipole forces 
(c)Dipole-dipole forces (d) Dispersion forces 

ii. Which of the following two halogens are gases at room temperature? 
(a)Fluorine and lodine (b) Chlorine and Bromine 
(c)Fluorine and Chlorine (d) lodine and Bromine 

iv. The intermolecular forces are of; 
(a) Two types (b) Three types 
(c) Four types (d) Five types 


v. Thermostat is an instrument which; 
(a)Increases the temperature (b) Decreases the temperature 
(c)Maintains the temperature (d) Fluctuate the temperature 


vi. 


vii. 


viii. 


xi. 


xii. 


xiii. 
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The scientist who discussed the phenomenon of viscosity are; 


(a) Poisuelle (b) Newton 

(c) Fritz (d) Vander Wall 

The distillation under reduced pressure is called; 

(a)Fractional distillation (b) Vacuum distillation 
(c)Steam distillation (d) Pressure distillation 

The unit of surface tension is; 

(a)Newton per metre (b) Newton per metre square 
(c) /60mmHg (d) Newton square per metre 


The intermediate phase lying between the solid phase and the normal liquid phase 
is called; 


(a)Crystalline solid (b) liquid crystals 
(c)Mesogens (d) Crystal lattice 

In which of the following are the particles the most disordered? 
(a)Water at 100 °C (b) Steam at 100 ?C 
(c)Impure water at 102 °C (d) Water at 10 °C 


Which of these statement best supports the idea that matter is made up of 
particles? 

(a) Liquids always fill the space available to them 

(b) Liquids are easily compressible 

(c) 1 cm? of water produces nearly 1700 cm? of steam 

(d) If a bottle of perfume is opened, the smell spread quickly 


Which of these processes involve a weakening of the attraction between particles? 
(a) Condensation (b) Freezing 
(c) Crystallization (d) Evaporation 


A liquid is thought to be pure ethanoic acid (acetic acid), which of the following is the 
best way to test its purity? 

(a) Measure its B.P 

(b) React it with ethanol 

(c) Burn it completely in oxygen 

(d) Dehydrate it with concentrated H28O4 


Write brief answer to the following. 


Give the general properties of liquids as to 

(a) Diffusion (b) Compression 

What are the types of intermolecular forces, give examples? 
What is hydrogen bonding, give particular examples? 

What are the applications of H-bonding? 

What are the different types of physical properties of liquids? 


vi. 


vii. 


(a) 


(b) 


(a) 


(b) 


(b) 
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Define vapour pressure. What are the factors affecting the V.P? 
What is 

(a) Viscosity. 

(b) Surface tension. 

Define molar heat of fusion and molar heat of vaporization. 
How will you differentiate liquid crystals from pure liquids? 


Why distillation under reduced pressure is often used in the purification of 
chemicals? 


Give the simple properties of liquids with special reference to the following: 

. Diffusion 

. Compression 

. Expansion 

. Inter molecular forces 

. Kinetic energy 

Explain on the basis of kinetic molecular theory. Why the boiling point of a liquid 
remains constant although heat is continuously supplied to the liquid? 


Define and explain evaporation. 

What are the factors affecting evaporation? 

Different liquids have different rates of evaporation. Explain with reference to ether 
and alcohol? 


Define and explain vapour pressure. How equilibrium is established between 
evaporation and condensation? 

What are the factors affecting vapour pressure of a liquid? 

Kinetically how will you explain the effect of temperature on vapour pressure? 


Define and explain boiling point of a liquid? 

How will you explain the effect of pressure on the boiling point of a liquid? 
Practically how will you explain the 

(i) Effect of increase of pressure on boiling point. 

(ii) Effect of decrease of pressure on boiling point. 


Define and explain the term viscosity of a liquid? How does the resistance to the 
layers causes viscosity? 

What are the factors affecting the viscosity of a liquid? 

Use the concept of hydrogen bonding to explain the following properties of 
water? 

(i) High surface tension 

(ii) High heat of vaporization 

(ii) High boiling point 
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(a) 
(b) 
(c) 
(d) 
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Define and explain the phenomenon of surface tension? 
What are the factors affecting surface tension? 
Define dynamic equilibrium between two physical states? 
Define? 

(i) Molar heat of fusion 

(ii) Molar heat of vapourization 


Define a liquid crystal? 

What are the uses of liquid crystals in daily life? 

How will you differentiate liquid crystals from pure liquids and crystalline 
solids? 


What are the energetics of phase changes? 


(a) 
(b) 


Define and explain the boiling point of a liquid? 
How will you explain the two practical applications regarding the effect of pressure 
on the boiling point of a liquid? 


How can you interpret the anomalous behaviour of water? 


SOLIDS 


After completing this lesson, you will be This is 8 days lesson 
i able to: (period including homework) 


e Define lattice energy. 


Describe simple properties of solids e.g., diffusion, compression, expansi n, motion of molecules, spaces 
between them, intermolecular forces and kinetic energy based on kinetic imo lecular theory. 

e Differentiate between amorphous and crystalline solids. SS 

Describe properties of crystalline solids like geometrical shap: ‘melting point, cleavage planes, habit of a 
crystal, crystal growth, anisotropy, symmetry, isomorphism, polymorphism, allotropy and transition 
temperature. SS 

e Use oxygen and sulphur to define allotropes. ev 

e .Name three factors that affect the shape of um crystal 

+ Explain the low density and high heat of fusion ice. 

e Define and explain molecular and lids. 


e Explain the significance of the unit cello the shape of the crystal using NaCl as an example. 
* Name three types of packing a ents and draw or construct models of them 


e Differentiate between ionic, SOvaent, molecular and metallic crystalline solids. 


INTRODUCTION 
The characteristics of the solid state are that the Substance has'definite shape. Due t0 
the strongest inter-molecular forces existing between the molecules, it is little affected by 
changes in temperature and pressure. Glasses and amorphous materials are the exceptions 
where there is no orderly arrangement of atoms. Such solids are called super-cooled liquids: 
Other solids have complete regularity of their atomic and molecular structures. Such solids a’ 
called crystals. 


It is observed that some kind of forces exists between the ions, atoms or molecules which 
keep them together in a crystalline solid. This gives a definite Shape rigidity and mechanical 
strength to the solids. Such forces are called inter-ionic ucc , x ver.atomic forces 
These forces are of different types in different solids. As à -—— m ud different 
physical properties. e solids 


a d 
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6.1 KINETIC MOLECULAR INTERPRETATION OF SOLIDS 


Kinetically the crystalline solids can be interpreted as follows: 

i X Attractive Forces: 
The attractive forces among the molecules are maximum due to closest packing of the 
molecules. 

ii. Rigidity: 
The molecules in solids are closely packed. Therefore their movement is restricted 
(limited). As a result they are rigid in nature. The molecules cannot move due to 
maximum attractive forces between them. However, molecules vibrate about their mean 
position. 

iii. High density: 
The molecules of a crystalline solid are closely packed. As a result, molecules of solid 
occupy minimum volume. As density is inversely proportional to volume, therefore high 
density will be observed due to the minimum volume existing between the molecules. 

iv. Collision: 


As there is no translational movement of particles inva solid, therefore, there are no 
collisions among the molecules. 


v. Kinetic Energy: 
There is negligible translational and rotational kinetic energy in solid molecules. However 
fhey can vibrate about their mean positions. So molecules of solid possess only 
vibrational K.E. 

Vi. Geometric Shape: 
The crystalline solids have definite distinctive geometrical shape. It is due to the definite 
and orderly arrangement of atoms, ions or molecules in three dimensional shape. 


6.1.1 Properties of Solids 

Some simple properties of solids are diffusion, compression, expansion, motion of 
molecules, spaces between them, intermolecular forces and kinetic energy based on Kinetic 
Molecular Theory. 
Explanation of Properties 
i — Diffusion: ! 
The diffusion depends upon velocity. of molecules. As the movement of the molecules is 
very slow, therefore, the diffusion will be minimum. Had there been diffusion in solids? 
The centuries old buildings would have collapsed in no time. 
Compression (Effect of Pressure): 
There is practically no effect of pressure on solids as the molecules are very closely 
Packed together. 
The effect of pressure on solids is expressed in terms of compressibility 
(Æ): This is defined as, “The decrease in volume per unit volume when the pressure 


b 
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is increased by one atmosphere.” 
Expansion: x A 
The solids expand when heated i.e. their volume increases. This ^ B Ee ebana 
of temperature decreases the intermolecular attractive forces. 1 Volume 


increases. 

The co-efficient of expansion (@ ) is defined as “the increase in volume: per unit volume 
when the temperature is increased by 1 °C.” When a solid is heated, its geometric shape 
changes until at a certain temperature, it changes into the liquid form. The temperature at 
which a solid, changes into the liquid form is called Melting Point of the solid. 


Motion of Molecules: " 

There is no translational and rotational motion due to presence of strong intermolecular 
forces in the crystalline solid, as the molecules are already closely packed together. 
However the molecules can vibrate about their mean position. 


Intermolecular Forces: 

In solids, the intermolecular forces are maximum in between the particles. These are held 
together in fixed positions by strong attractive force, They can vibrate only about their fixed 
positions. 

Kinetic Energy Based Upon Kinetic Moleo@lar Theory: 

According to the Kinetic Molecular Theory, the attractive forces between the solid 
particles are maximum. This is due to minimum distance between them and, therefore, 
molecules do not possess translation and rotationall kinetic energies. However, they can 
vibrate about their mean positions. So they possess vibirational kinetic energy. 


6.2: TYPES OF SOLIDS 


There are two types of solids: 
Amorphous Solids; DO YOU KNOW 
The solids which have no definite geometric shape | Metallic glasses NO morphous 
are called amorphous solids e.g. glass, rubber, | materials deed. oni metallic 
dust etc. alloys with disordered atomic structure. 


Crystalline Solids: 


The solid, which have a definite regular and three-di 4 
i i mension; hape are 
called crystalline solids. Some crystalline solids oer i, A 
crystallization e.g. CuSO,.5H,0, Na,SO,.10H ae certa iolecules 
-10H,0. 


6.2.1 Differences between Amorphous and Crystalline Solids 


1) In the crystalline state, the crystals posses i 
Sed 3 S definite aC! is 
cubic in nature. In the amorphous state the solids cnt structure Ea 
structure e.g. glass. have definite geo! 
2) There is a complete regularity of arran "3f 
crystalline solid whereas the atoms, iota s atoms, ions or molecules + ar 
manner in amorphous solids. : es are not arranged in a re9 
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.3). The crystalline substance has a sharp Melting Point while the amorphous solid do not 


have sharp Melting Point and gradually soften on heating. They may be called as 
super-cooled liquids e.g. glass, plastic etc. 


In a crystalline substance, water molecules are a part of crystal e.g. FeSO,.7H,O 
CuSO,.5H,O etc while the amorphous substances have no such water of 
crystallization. $ 

In some cases, the colour of a crystalline substance is due to water of crystallization e.g. 
CuSO,.5H,0 is blue. The colour of crystals fades away in CuSO,.5H,O when it is heated. 


The amorphous solid is a solid which soften on heating ultimately they become 
mobile over a wide range of temperatures while the crystalline substances have no 
such property. 


6.3 PROPERTIES OF CRYSTALLINE SOLIDS 
e important properties of crystalline solids are described here: 


Geometrical Shape: 

Almost all the crystalline solids have a definite, distinctive geometrical shape because the 
molecules have fixed positions. Therefore they cannot:move appreciably. Moreover the 
olids have orderly arrangement of atoms, ions or molecules in three dimensional space 
NaCl is cubic in nature. 

"Melting Point: 

Pure crystalline solids have sharp melting,point. When a solid is heated, the atoms, ions 
. Ormolecules present in a solid start vibrating at higher frequency and transfer their kinetic 
“energy throughout the solid. At the melting point, their vibrational energies become so 
‘much that they leave their fixed positions simultaneously and become a liquid. 

Cleavage Planes: ey 
\ Crystalline solid contains atoms, ions or molecules closely packed to each other. When 
e external pressures applied to it, it changes into small crystals of the same size and 
ape as that of the original one. , ? 

breaking up of larger crystals into smaller one with identical size and shape is 
lled cleavage. The plane which contains the direction of cleavage is called 


age plane. , A 
aiki NiSO,.6H,Ocrystal can be cleaved easily provided cleavage is parallel to 


the surfaces. " n 
(ii) ^ The cleavage of NaNO, and (CH,COO),Ca is easy. It is parallel to the 


surface. r 
(iii) ^ Mica can be cut easily parallel to the layers. 


It of a Crystal: AA z 
nost all 6x solids have particular no. of faces under identical conditions e.g. NaCI is 
with six faces. But if an impurity is present, the solid material changes its structure 
use new faces are produced in addition to the original one. 
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The shape of a crystal in which it usually grows is called habit of a crystal. For 
example cubic crystals of sodium chloride are obtained from its aqueous solution. If the 
conditions are changed, the shape of crystal also changes. If 10% urea is present in 
aqueous solution of sodium chloride, octahedral crystals of sodium chloride are obtained, 


v. Crystal Growth: 5 
The crystal growth takes place when the heated solution of a substance is allowed to cool 
in a slow manner. The outer appearance or shape of the crystals depends on how it is 
prepared and under what condition e.g. a crystal with cubic structure may develop into a 
cube, a flat plate or a long needle like structure, under different conditions. The size of a 
crystal is controlled by its rate of growth. A slowly growing crystal has large size. 


vi. Anisotropy: 
A crystalline substance is a built up of small units all having the same geometrical form. 
But although a crystal is homogeneous, it possesses different properties in different 
directions. It is because crystal has different arrangements in different directions e.g. 
graphite exist in the form of layers, so it is conductor in one direction, parallel to layers but 
insulator across the layers. 


A substance which shows different intensity of properties in different directions is 
called anisotropic and this property as anisotropy. e.g. Cleavage refractive index, co- 
efficient of thermal expansion, electrical and thermal conductivities give different intensity 
of properties in different directions. e.g. Mica can be cut parallel to the layers but difficult 
to cut in some other plane. 


vii. Symmetry: 

There are certain crystalline substances which after rotation to certain angles give similar 
edges, corners or faces at definite distances in definite directions. The rotational 
operation which brings the crystals into its original appearance is called symmetry of 
element; e.g. if a regular cube is rotated about its axis at an angle of 90°, the identical 
face is obtained..On rotating to 180°, a second identical face and at 360°, four identical 
faces are observed. An axis containing four identical faces is called four-fold axis of 
rotation. The process through which the crystal was brought back to its identical 
position is called symmetry operation. 


An imaginary plane passing through a crystal that divides a crystal into two identical 
halves is called plane of symmetry. The symmetry elements that occur in a crystal af 
plane of symmetry, centre of symmetry, axis of symmetry and Bids of symmetry. 
viii. Isomorphism: 
There are certain substances which are similar in shape. Different crystalline 
substances having the same crystalline shapes are called Isomorphs, and this 
phenomenon is called isomorphism; due to having same ratio of atoms. ] 
e.g.(i) ZnSO, and wio, are isomorphism because both have the same crystalline 
shape, i.e. orthorhombic. isomorphs have same atomic ratio 


td 
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6. Solids 
(Atomic ratio= 2:1:4) 


(ii) Ag,SO, and Na,SO, are hexagonal. 
(iii) CaCO, and NaNO, are Rhombohedral. (Atomic ratio= 1:1:3) 
n ism: : 

| The substance existing in more than one crystalline form is called polymorphous 
substance and the phenomena as polymorphism. 


eg. ` 1. NaCl is found in cubic and octahedral forms. 
2. CaCO, is trigonal when present as calcite and orthorhombic when present as 
' aragonite. 
s 3. Hgl2 is orthorhombic (yellow form) and tetragonal in red form. 


X Allotropy (allotrope — Greek-allos (other), tropia (forms): 
An element may exist in different crystalline forms. 
lotropes and this phenomenon is called allotropy. 


i eg. (i) C (as diamond) in cubic form. 
(ii) C (as graphite) in hexagonal form. 


These.forms are called 


pes of Oxygen e 
ioxygen (0,) and Trioxygen (O, or Ozone) are considered to be pe 278A 


wo forms of oxygen. Ozone is formed from*oxygen by the | .., O Oe 
tion of certain amount of heat from atmosphere. aber 
Figure 6.4: Shape of 


an ozone molecule 


30,—=20,,  AH=142kJ mole“ 
llotropes of Sulphur 
— Sulphur exists in four allotropic, 


à e 
Rhombic Sulphur (a-Sul 
It is crystalline in nature an 


forms which are: 
phur): It is bright yellow in colour and stable below 96*C. 
d made up of Ss molecules. 


r): It is a crystalline solid and stable between 


É` 
Monoclinic Sulphur ( p -Sulphu! 
Rhombic Sulphur at room temperature. 


96°C and 119°C. It is converted to 

Plastic Sulphur (y-Sulphur): It is a super cooled form of sulphur. If yellow sulphur 

is heated to boiling and poured into liquid water, it will roll up and produce yellow 
like material. It is not considered to be a true allotrope 


ribbons resembling plastic : : 
of sulphur aie it is soft and elastic in nature and insoluble in H2S. 
It has irregular crystalline shape which may be called as 


Amorphous Sulphur: 

Amorphous. It is not found in the free state. It may be prepared by passing H2S 
ay ime. The saturated solution of H2S so obtained is 
roduced has almost white colour. 


: hous solid 
2H. 20; —= 2H,0,, + 28, (amorpho! ) 


- CO— -A NNNM 
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Transition Temperature: 

The temperature at which more t 
equilibrium is called transition temperature. 
polymorph or allotrope can exist. 


han one forms of a given substance can exist in 
Above and below this temperature only one 


No Substance Crystalline form Transition temperature 


1 Tin (grey) Orthorhombic 48 9C 
Tin (white) Tetragonal 
Monoclinic o 
95.6 °C 
2 Supoa Ortho rhombic 
Orthorhombic 
28.5 °C 
k aus Rhombohedral 1 


6.4 CRYSTAL LATTICE 


The regular arrangement of the particles of a crystalline solid at the microscopic level 
produces characteristic shapes of crystals. The position of the:particles in a crystalline solid is 
represented by a Lattice. An array of points representing the arrangement of particles 
(atoms, ions or molecules) in three dimensional spaces is called crystal lattice. 


The external shape of a crystal depends upon the conditions of crystallization. It may be 
different in one form or the other e.g. NaCl is cubic at ordinary conditions but octahedral in the 


presence of urea as impurity. But the internal structure is the same with basic structural unit. 


This unit describes the pattern by which thé particles are arranged in a crystal. Primarily a 
crystal depends upon, 


e Shape of the unit cell. 

e Contents of the unit cell. 

The atoms, molecules or ions in a crystal are repeated in a systematic manner. The 
smallest unit of volume ofa crystal, which shows all the properties of its pattern, is 
called a unit cell. This.is a basic structural unit of a crystal. The systematic arrangement of 
atoms in a crystal is called lattice. It represents the structure of any substance 


Alattice is of three types: 

e Three dimensional lattice. 
e Two dimensional lattice. 

e One dimensional lattice. 


6.4.1 Unit Cell and Shape of NaCl 
We can explain significance of unit cell to the 
crystal using NaCl as an example. eed 
The unit cell is primarily concerned with the 
the crystalline substance. Keeping in view the id Ad 
crystal, its structure can be identified. Let us tak d 
example of NaCl. is the 


“Figure 6.6: Structure of NaC! cyst 


A 
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i M ena eon Na*! ion is surrounded by 6 CI ions and vice versa. 
e igger than Na*! ion because Cl" i nd Na"! 
l ion has 10 electrons. ion has 18 electrons a 
ji, Co-ordination Number: The number of negative ions which surround positive 
ions or eoe versa is called co-ordination number. In NaCl each Na*' ion contacts 
uibs er ions at the corner of a regular octahedron. So the co-ordination number of 
Na*’ ion is 6. Similarly co-ordination number of CI" ion is also 6. The distance between 
al Na*' ions and CI" ion is the same. 

il. No. of NaCl in Each Unit Cell: In NaCl there are 8 CI ions at each corner of the 
cube. Each CI ion is shared among eight unit cells. Each face shares with two unit 
cells. So the number of CI" ion in each unit cell can be calculated. 

| (a) Calculation of CI" ions: 

| (i) No of unit cells = 8. 

| No of CI! ions at each corner of cube = 8. 


| Number of Ct ions in one unit cell at the corner =8x gU 


(ii) Total number of CF! ions at 6 faces of a regular octahedron = 6 
No of unit cells containing each face = 2 


lm 
No of CI" ion in each unit cell at face centers- oe 3 
Total number of CI ion in each unitcell = 1 * 324 Cl^ 


(b) Calculation of Na*! ions: 
(i) No. of Na*' ions at each edge of a cube is = 12 
E 1 
No of Na* ion presentin each edge = 12x ae 3 Nat? 


(ii) Na*! ion present in the centre = 1 Na*' 
Total number of Na*' ions = 341-4 Na*' ions ! 
| So each unit cell consists of 4 Na*! ions and 4 CI ions. 


6.4.2-Types of Packing Arrangements 


The structure of metals can be $ 


explained when the atoms are packed 
er. The atoms in metals are 
Considered as spheres of identical 
Size. The closest packing is the most 
ent arrangement of spheres of 

| size and to fil available 


doi In which each sphere touches (a) An open packing (b) Close packing 
i Mo — n pheres (in green) as Fig. 6.7: Packing spheres in two dimensions 


Oooo 
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This layer is shown in figure 6.8 


as the bottom layer (layer A). o nete 
When we place spheres in the pei 


second layer (layer B) each 
added sphere will rest in the frersnearainoies 
hollow above a void or hole in the |" 
bottom layer. The spheres of the 
second layer will produce two 


Hexagonal close-packed 


Side view 


Cover 


| octahedral 
holes in 


types of voids. (i) a tetrahedral ayer B 
hole which falls above a sphere in 
the bottom layer. (ii) an 
octahedral hole, it falls above a 
void in the bottom layer. 


Cuble Seepeeb | 
Fig. 6.8: Close-packing of spheres in three dimension 


In adding a third layer of spheres (layer C), there are two possibilities. 

(a) If tetrahedral holes are covered, the third layer is identical'to the bottom layer. This 
arrangement is called hexagonal close-packing (hep) arrangement. This pattern of 
arrangement is usually written as ABAB or 1212. 

(b) In contrast, if we cover the octahedral holes, thesthird layer is not identical with the 
bottom layer. This is called the cubic closed packing (ccp) arrangement. It is usually 
written as ABCABC or 123123. 


6.5.1 The Factors that Affect the Shape.of an lonic Solid 
There are three factors which affect the.shape of an ionic crystal. 

4. Electrostatic Forces of Attractions: A 
The ionic solids are composed of cations and anions. They are held together through 
strong electrostatic forces of attraction forming a well defined geometric shape @.9- 


formation of NaCl. 
Sodium loses one electron to be converted to Na*' ion. Chlorine gains one electron to be 


converted to Cl-: ion 


-1 Yu ee 
Bede 1e . *, Na" (A cationis fomed) 


= > -1 
Cs te" Cl, (Ananionis fomed) 


These ions combine together due to strong electrostatic force. 
Na‘? + C^ —o9NaCl AH=-787 kJ mole? 
It is an exothermic reaction. To form a crystal lattice of NaCl, each Na*' ion is surrounded 


by 6 Cl" ions and each Cl ion is surrounded by 6Na*' ions. A Tt 
of ionic solid of NaCl is formed. . As a result a cubic S 


2. Radius Ratio: ENT 
The structure and shape of an ionic solid depends upon the radius ratio of cations and 


anions e.g. NaCl and CsF have the different geom io is 
different in both the cases. geometry because the radius rali 


A 
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3 f. solids — 
E radius of cation 


Radius ratio 2 —————— — — 
radius of anion 


The structure and radius ratio of certain crystalline substances are given below: 


Radius radio r*'/r * 


Shape of ionic solid 


Body centred cubic 0.732 and above 
Octahedral or Cubic 0.414 to 0.732 
Tetrahedral 0.22 to 0.414 
Triangular 0.15 to 0.22 


ions can give a good idea of 


Thus knowledge of radius ratio consisting of cations and an 
greater than 0.732 will have 


the shape of crystal. An ionic compound with radius ratio 
body centered cubic structure. 

The radius ratio of an ionic compoun 
0.414 and 0.732.e.g. NaCl. Similarly a tetrahedral structure is form: 


in between 0.22 to 0.414. 
The Radius Ratio of the following ionic crystals are: 
1. NaCl = 0.414 - Octahedral arrangement or cubic structure. 


.2. CsCl=0.93 - Body centred cubic arrangement. 
3. ZnS-0.0 -Tetrahedral arrangement. 


d with octahedral structure. should be in between 
ed if the radius ratio is 


3. Poor Conductivity: 7 
The ionic crystals do not conduct electricity'in the solid state. The shape of the crystals 
vent (H20) is added to the ionic solid e.g NaCl, the 


remains as such. However when a sol f { 
crystal lattice is broken and the ionic;solid changes into cation and anion. This is because 
- the crystal lattice is broken due. to high dielectric constant of water. In other words the 
shape of the crystal is ruptured. , 
Naci water Na” + c 
(s) (aq) (eq) . 
Thus the ions are solvated. , 
$52 LATTICE ENERGY: à 
It may be defined on the basis of chemical reactions which may be exothermic or 
endothermic. The lattice energy can be defined in two ways. 
* The amount of heat or energy released when gaseous ions of opposite 
charges combine to give one mole of a crystalline ionic compound is called 
lattice energy. den di 
e.g. Na + (Grec NaCl, AH = — J mole 
* The amount of energy required to break one mole crystal lattice into its 


gaseous ions is called lattice energy. " à 
e.g. NaCl Naja) + Cl AH= +787 kJ mole 

The lattice energy of the ions depends upon their Size and charge of the ions 
Lattice energy decreases with the increase in the size of the ions, (whether cations 


< ooo O 
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or anions), the packing of oppos 


CUM Solids 


Lattice energy increases with increasing ionic charge. 


6.5.3 Comparison of lonic and Covalent Crystals 


Difference Between 
Jonic Crystals (Solid) 


Covalent | Crystals — 


itely charged ions become less and less tight. 


ls 


An ionic crystal is formed due to the | 1. 


transference of electrons from one atom to 
other e.g. NaCl formation. The cations and 
anions formed are held together through 
strong electrostatic forces of attractions. 


The crystalline soli 


ds in which atoms of | 


similar or dissimilar elements are held | 
together in a network of single bond are | 
known as covalent crystals e.g. diamond 
etc. | 


Covalent crystals are of two types: 


2. Formation of NaCl 2. HM s i 
e] ^ (cation (i) When covalent bonds give giant 
m, $i Na ( ) molecules e.g. diamond, SiC (Silicon | 
+e" H^ (anion carbide) | 
e $— oe ( ) (ii) When atoms join together by sharing of | 
“+C electrons. As a result separate layers 

y — Ma are formed e.g. graphite. — — 

Sodium Chloride crystal Graphite crystal 


3; 


. They have definite geometric shape. 


They are non-conductors of electricity in 3 


the solid state. However-they conduct 
electricity in the molten or solution form. 


. They are bad conductors of electricity with 


the exception of graphite. 


4. 


They have definite shape and oriented in 
three directions with a network structure. _ 


L 


d [5 


. They are non-directional in nature. 


They have open structures due to the 
valency of atoms directed in definite 


. They do not exist in the form of molecules | 6. 


due to their ionic nature. 


directions. | 
They may be called as macromolecules | 


. due to their giant covalent structure. 


Low density of ice 


6.5.4 Low Density and'high Heat of Fusion of Ice 


When the temperature is decreased the molecules come close to each other. As a result 


the intermolecular attractive forces increase. 


However some empty spaces are developed 


in the ice. As a result about 9% more space than liquid water is produced. As d= p. 
3 Sey 


that is density is, inversely proportional to volume, the 


density. That is why ice floats over water. 
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ication of Low Density in Real Life 
In cold countries when temperature is decreased to 0°C, water in ponds and lakes 
freezes. The ice formed stays on the top. This layer of ice acts as insulator for further 
heat loss. A thick layer of ice is formed at the top. Fish and plants can survive in the water 
for months under the thick blanket of ice. 

Keeping in view the above discussion, we are forced to believe that the pattern of life for 
plants and animals would have been totally different in the absence of Hydrogen bonding 
in water. 

High Heat of Fusion of Ice 


The quantity of heat required to convert one mole of a solid into liquid is called molar heat 
of fusion. 


eg. ce— —»liquid water AH, —6.02 kJ mole ^ 


ications in Real Life 

Ice absorbs 333 joules of energy for every gram of ice to melt. It means, if 33.3 k. Joules 
of energy from the surrounding is absorbed by each of the drink, the temperature of the 
drink without ice would rise from 0°C to 20°C. The drink containing 100g ice would 
remain at 0°C but 100 grams of ice would melt. 


6.5.5 Molecular and Metallic Solids 


Molecular Solids: 
Definition: The solid substances in which the, particles forming the solids are polar or 
non-polar molecules are called molecular crystals. 

e.g. In solidified gases, these are non-polar atoms. Three types of intermolecular forces 


hold them together. 
1. Hydrogen Bonding 
2: Dipole-Dipole interactions. 
3. Van der Waal's forces. 
Examples: 


1. Crystals with polar.molecules e.g. ice, sugar. 

2. Crystals with non-polar molecules e.g. |,, Se, P,, CO, etc. 

Properties: 

1. X-ray analysis indicates the regular arrangement of atoms. Thus we get the exact 
positions of all the atoms. 

2. Polar molecular crystals have high m.p. and b.p. as compared to non-polar 

molecular crystals. 

They are soft and easily compressible. 

They are volatile in nature. 

They are bad conductors of electricity. 

They have low densities due to weak attractive forces. 

- They are transparent to light. 

Metallic Solids: 

Definition: The crystalline solids in which metal atoms are held together by metallic 

bonds are known as metallic solid e.g. Na, Cu etc. 
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Explanation (Electron Sea or Electron Gas Theory: 
Metals are good conductors because the valence 
electrons are loosely bound. Therefore they can move 
from one atom to the other. Due to this mobility of 
electrons, they are considered to conduct electricity. The 
positively charged portion of the metallic atom is 
surrounded by electrons in such a way that these 
electrons serve as an atmosphere of distributed charges. " —Á—ÁÁ 

The positively charged particles are immersed in it. Such a is cations 
an atmosphere is called an electron gas or sea. This is 

shown in figure 6.9: 


z a » ^L 
Q Q A] 


(Breeton cloud ha 


Neer bony | 
Q- Q-Q- v» 


There are two forces responsible for the metallic bond. 
1) Force of attraction between the electron gas and the positive ions. 
2) Force of repulsion between positively charged ions. 
These forces are equal and opposite. Therefore; they counterbalance each 
other. Thus, the metallic atom is neutral as a whole: 
Properties: 
e They are best conductors of heat and electricity: 
. They have lustrous surfaces. 
e They are malleable and ductile. 
. They have high melting points. 


Comparison of molecular crystals and metallic solids 

Molecular Crystals Metallic Solids 

1. Those solid substances in sehen the | 1. The crystalline solid in which metal atoms 
particles forming the solic s are polar or are held together by metallic bonds are | 
non-polar molecules are/Gelled molecular) — known as metallic solids e.g. Na, Cu etc: | 


crystals e.g. ice etc. “> | 
2. Two types of intermolecular forces hold |2. In metallic crystals, electron BS theory is | 


them together. involved. 
(i) Dipole-Dipole interactions or E 
hydrogen bonding (Polar) e.g. Ice, ' o B. 
Sugar. aT- X J 
(ii) London dispersion forces (Non- t Q 9.9 
Polar) e.g. b, Se; P, etc. o ue a — | 
(9.9.9 > Same 


An electron sea surrounding cations 3 | 


3. Théy are bad conductors of electricity | 3. They are ET Gf electi 
because they have not free electrons. — . due to presence of fr eroe. | 


— x 
4. They are not malleable and ductile. | 4._They may be malleable and ductile. 


A 
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556 Hygroscopic Salts 


EB E. absorb di oisture from atmosphere. Such salts are called hygroscopic salts. 
Calcium chlorice (Caci) as the property of absorption of moisture from the atmosphere. Thus 
[ipecomos hygroscopic. The absorption of moisture becomes maximum when there is 
humidity in air. The water molecules absorbed will become part of crystal of caci, and may be 


called as water of crystallization such substances are called Hydrates. CaCl, can absorb a 


maximum of 2H,O. Therefore CaCle becomes CaCl,. 2H,0. The water of crystallization 
attached will increase the mass of calcium chloride. 


HOW TO GET SODIUM CHLORIDE FROM SALINE SOLUTION: ^ — 
Saline water (NaCl solution) contains water along with certain impurities. If saline water is 
allowed to freeze in freezing mixture of water, the impurities come up to the.surface in the form 


“of ice at -3.4°C leaving behind NaCl. Ice and impurities are removed from the surface leaving 
behind pure NaCl. 


References for additional information 
* Frank L. Pilar, Elementary Quantum chemistry. 


* Drew H. Wolfe, Introduction to college chemistry. 
= Olmsted Williams, Chenistry, The molecular Science. 


Exercise 


4. Choose the correct answer (MCQs): 
i The temperature at which twovor more than two types of crystals exist in equilibrium 


is called; 
(a) Melting Point (b) Transition temperature 
(c) Eutectic temperature (d) Boiling point. 


ii. The solids in Which atoms, ions or molecules have random non-repetitive three 
dimensional arrangements are termed as: 


(a) Crystals (b) Glasses 

(c) Alloys (d) Amalgams 
ili, The nature of bond in diamond is; 

(a) lonic (b) Covalent 

(c) Molecular à (d) Metallic 


iv. Crystal Lattice is an arrangement of particlesin; 
(8) One dimension (b) Two dimensions 


(c) Three dimensions (d) Four dimensions 
V. Lattice energy is also called; em 

(a) Crystal energy (b) lonization energy 

(c) Energy of affinity (d) Bond Energy 


-o —R———— 
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vi. 


vii. 


viii. 


When gaseous ions are allowed to form a crystal, energy; 


(a) is evolved (b) is absorbed 

(c) is sometimes absorbed and sometimes released 

(d) has no effect 

NaF and MgO have both atomic ratio 1:1 in their crystals such property is; 
(a) Polymorphism (b) Isomorphism 

(c) Isotropy (d) Allotropy 


Electric current can pass through graphite in one direction but not through other 
direction of crystal such a property is-called; 


(a) Allotropy í (b) Anisotropy 

(c) Isomorphism (d) Polymorphism 
Iron acts as an electrical conductor due to; 

(a) Electron cloud (b) Free protons 
(c) Free neutrons (d) Free ions 


An insoluble solid was dropped into a measuring.cylinder containing 50 cm? of water. 
What will be the effect on volume of water? 

(a) 15 cm? (b) 17. cm? 

(c) 50 cm? (d).65 cm? 


Write brief and short answers to the following: 


Indicate the effect of pressure and temperature on solids. 

Differentiate between amorphous solids and crystalline solids. 

Write a note on Anisotropy. 

What is symmetry, symmetry operations and planes of symmetry? 

Write a note on transition temperature. 

What do you know.about a Unit Cell? 

What do you know about Hexagonal Closest Packing? 

What do you know about Lattice Energy? 

Write a note on Dispersion Effect. 

Explain why the particles in solid ice stick together and those of steam do not (even 
when they get very close (collision)? 

When long bridges are constructed, the roadbed is made in sections with spaces 
between the sections. Why it must be done? 


Define the compressibility (A) 


Define the co-efficient of expansion (a) 


How will you define a crystalline solid? 

Explain the kinetic molecular interpretation of a solig, keeping in view the following 
properties: 

(i) Rigidity (ii) Collision 

(iii) Geometric shape (iv) Attractive forces 
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e the following properties of crystalline solids: 

‘Cleavage plane (ii) Melting point (iii) Isomorphism 

j) Polymorphism (v) Allotropy (vi) Transition temperature 
Differentiate between the following pairs: 

) Crystalline solids and amorphous solids. 

) Polymorphism and isomorphism. ^ 

- (c) Hexagonal closest packing and cubic closest packing. 

Define a unit cell. List the factors on which a unit cell depends? 

(b) Explain the structure of NaCl, keeping in view the unit cell? 


- Explain the three factors that affect the shape of an ionic crystal? 


(a) Define lattice energy and give a particular example? 
= (b) Explain the low density and high heat of fusion of ice? ENS 
Compare molecular crystals and metallic crystals. S 
Ilustrate the conductivity of a metallic crystal using "electron sea theory". 
(a) Define covalent crystals and give their properties? - S 
How will you explain the covalent solids? S 3 
= (i) When the atoms are jointly held together like diamond. 
.. (i) When the atoms have separate layers i e graphite. 
Diamond is non-conductor while graphite is.conductor in nature. Defend this statement. 
plain Allotropy with special reference o oxygen and sulphur. 
| compound like CaCl, (calcium chloride) fluctuate in mass from day to day because of 


ity. Evaluate this state! 


ine water can be purified y repeated freezing method. Justify it. 


S 
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CHEMICAL EQUILIBRIUM 


e Define chemical equilibrium in terms of a reversible reaction. A 

e Write both forward and reverse reactions and describe the macroscopic. characteristics of each. 

e State the necessary conditions for equilibrium and the ways that equi ium can be recognized. 

e Describe the microscopic events that occur when a chemical system is in equilibrium. 

e Write the equilibrium expression for a given chemical reactio! S 

e Relate the equilibrium expression in terms of concentration, partial pressure. number of moles and mole fraction. 
e Define and explain solubility product. SS 

e Write expression for reaction quotient. S 

e Determine if the equilibrium constant will increase or decrease when temperature is changed, given the 


equation for the reaction. 
e Propose microscopic events that acco! observed macroscopic changed that take place during a shift 
in equilibrium. SS 
e State Le Chatelier's Principle id be able to apply it to systems in equilibrium with changes in 
concentration, pressure, tem ire, or the addition of catalyst. 
^e Define and explain comm effect giving suitable examples. 


e Explain industrial applications of Le Chatelier's Principle using Haber's process as an example. 


INTRODUCTION 


When we presented stoichiometry in Chapter — 1, we described that reactions proceed 
virtually to completion when the limiting reactant is completely consumed. This is true for 
reactions that virtually go to completion i.e., reactants are completely consumed and converted 
into the products. Such reactions are called irreversible reactions. Such reactions stop whe^ 
the limiting reactant is consumed. However in many reactions the net formation of products 
comes to an end before all the limiting reactant has been consumed. Such reactions actually 
proceed in both the directions i.e. forward and backward and are called reversible reactions: 
These reactions reach at a stage called chemical equilibrium. At this stage the concentration of 
reactants and products become constant. But the reaction continues to proceed in both the 
directions without any change in concentration of reactants and products under existing 
conditions. Such reactions never go to completion and are called reversible reactions. 

In this chapter we will discuss how and why a chemical reaction comes to equilibrium. we 
will discuss the principles and applications of chemical equilibrium. 


A 
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- TeVersible reaction at which cO 
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37. Chemical Equilibrium 


74 REVERSIBLE REACTIONS AND DYNAMIC EQUILIBRIUM 

A reversible reaction is one in which the products once formed can react to form 

reactants. Such reactions do not go to completion even if stoichiometric amounts of the 

reactants are taken. These reactions take place both in the forward and backward directions 
under the existing conditions. Some examples of reversible reactions are given below: 


Nas + 3H),) —— 2NH,,,) 
2NO4,, ——— NOx) 
2NO,,, + Cla = 2NOCI., 
POlg == PCko + Cl, 
The double arrow —— tells that the reaction is reversible. 


Consider the reaction between steam and carbon monoxide. under appropriate 
conditions. 

On mixing macroscopic changes are observed (e.g, changes in concentration). 

Suppose that the reaction is started with same number of.moles of both the reactants. 
When steam and carbon monoxide are mixed, a maximum: number of collisions per second 
between them will occur. Therefore the forward reaction has its maximum speed at the 
beginning. This leads to a decrease in the concentration of the reactants. 


HO, CO —9 Ha» * CO0 , 
As H,O and CO are gradually used up, the-forward reaction gradually slows down. As the 
molecules of H,and CO, accumulate reverse reaction also starts. With the increase in 
2 "ma 
concentration of H, and co, more and. more collisions per second between these molecules 
2 


occur. Therefore reverse reaction proceeds with increasing speed. This means that forward 


reaction starts with maximum speed and gradually slows down, whereas the reverse reaction 


Starts at zero speed and gradually increases its speed. 
Hant COn S> H,O + COo l 
Eventually a time comes when both reactions proceed at the same speed. The reaction 
at this stage is said to be in chemical equilibrium. The | x 
concentration of reactants and products become 
constant, 


HOt CO p =H CO; 
Unless the system is somehow due m Mg. 
changes i ion will occur. “The S 
ges in concentration position of the 
reaction mixture does not change is called se ide 
of chemical equilibrium”. The plots E à 
- Concentrations of reactants and products versus e are 
shown in Fig 7.1 what do these plots show? Why nave 


they become parallel? 


I (H,0] = [CO] 


Concentration 


‘Time D hs 


Figure.7-1: The plots of concentration of 
reactants and products versus time 
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Since the concentration of reactants and products become constant it may appear that 
the reaction has stopped. But this is not true. On the microscopic level there is excited 
activity. Individual molecules of reactants continue to combine. Individual molecules of 
products also continue to combine. But the rate-of one process is exactly balanced by the rate 
of the other. Therefore, this is a dynamic equilibrium. The system is dynamic because 
individual molecules react continuously, but the rate of the forward and reverse reactions are 
equal. It is at equilibrium because no net change occurs. 


Y/7.1.1 The Law of Mass Action 


Two chemists C.M Guldberg and P. Wage in 1864 proposed the law of mass action as a 
general description of the equilibrium state. This Law you have learnt in a grade X. 

It states that “the rate at which a substance reacts is proportional to its active mass 
and the rate of a chemical reaction is proportional to the product of the active masses of 
the reacting substances". It can also be defined as the rate of chemical reaction is proportional 
to the product of molar concentration of each reacting substance raised to a power equal to its 
stoichiometric coefficient in the balanced chemical equation. The term active mass means, the 
concentration of the reactants and products in moles dm? for a'dilute solution. 

Consider the following general reversible reaction. 


aA + BBa =—cC,, + dD 


(9) 
Where A, B C and D represent chemical species.and a, b, c and d are their coefficients in 
the balanced equation. 
According to the law of mass action. 
Rate of forward reaction, Rr o. [A]? [B]? 
Adis sp ELS S n (1) 
Where kr is the rate constant for the forward reaction. 
Rate of reverse reaction, Rr a [C]* [D] 
Ze. S., (2) 
Where kris the rate constant for the reverse reaction. 
At equilibrium state 
Rate of forward reaction = Rate of reverse reaction 


Thus — ks [A]? [B]? = kr [C]° [D]* 
On rearranging E, = IGF e. 
k, [AT [B] 
-Icr Dr 
SAUB MEME (3) 


Where K, = E and is known as equilibrium constant, and the equation (3) is known aS 
equilibrium constant expression. The square brackets indicate the concentration of the 
chemical species at equilibrium. 

Thus, the equilibrium constant expression for any reaction can be written from its 
balanced equation. Concentration of products are taken in the numerator and concentration of 
reactants in the denominator. 
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i Chemical Equilibrium 


conditions for Equilibrium 
tant features of equilibrium constant expression are as follows: 

au applies only at equilibrium. The subscript c indicates the concentration of reactants and 
products in moles per dm? at equilibrium state. 

OK 8 independent of initial concentration of reactants and products but depends upon 
temperature. At a given temperature, it has only one value. Whether we start reaction with pure 
reactants or pure products or any composition in between, the value of K, remains unchanged. 

"UK, is related to the coefficients of the balance chemical equation. The concentration of 
the products is placed in the numerator and those of reactants in the denominator. 


Each concentration is raised to a power equal to its coefficient in the balance chemical 
equation. 


e The magnitude of K, indicates the position of equilibrium. When Ke is less than 1, the 
denominator is greater in magnitude than the numerator. This means the-concentration of the 
reactants are greater than those of products when the equilibrium is established. Whereas, when 
K, is greater than 1, the numerator is greater in magnitude than the denominator. This means the 


concentration of the products are greater than those of the reactants at equilibrium. 


14 .2 Examples of Equilibrium Constant Expression 


Problem solving strategy 
1. Write products in the numerator and reactants in the. denominator in square brackets. 
2, Raise each concentration to the power that correspond to the co-efficient of each species in 


the balanced chemical equation. 


Example 7.1 Example 7.2 
Naot 3Ha 2NH. C0, t4 Oy = CO, 
{CO}[0,]? 
S 


Self Check Exercise 7.1 
1. The following equations represent various industrial reactions at equilibrium. Write K, 


expression for each of these reactions. Do not forget to balance the equations: 
() SO, tOn — 90 — 
(i) NH, On —À NO * HO 
(i) CH, HO CO * Po t 
2. Give the balanced equations that. correspond to following equilibrium expressions. 
kK, = [CH,OH] 
—. (CO}[H,}? 


| k_<IN,IIH,07 
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v^ 7.1.3 Units of Equilibrium Constant 


Problem solving strategy 

1; Write equilibrium constant expression. 

2. Write mol dm”? as units of concentration of each species within square brackets. 
3. Simplify the expression. 

Equilibrium constant may or may not have units. Equilibrium constant has no units if the 
number of moles of the reactants are equal to the number of moles of the products. For 
instance Kc for the following reaction has no units. 

HO + CO, Hy) + CO; 
- [H.IICO;] 
* [H,ONCO] 
_ (moldm?)(moledm ^?) 
~ (moledm^?)(mole dm ?) 
On the other hand if the number of moles of products and reactants are not equal, K, has 


= No units 


c! 


units. For example 


Kc = mole dm? 
In this way we can determine the units for Kc, however units of equilibrium constant is 


not usually written. 


ad 
$ 
Self Check Exercise 7.2 
Determine the mey: the following reactions: 
(i) PCl PCl,; Clu; 


(ii) © 2804, t Oyj 280, 


| (i) Hag lag =— Hlo 


The value of K, at a given temperature can be calculated if we know the equilibrium 
concentration of the reaction components. 
Example 7.3 : 

The following equilibrium concentrations were observed for the reaction at 5009C. 


Azot Bag —— 2ABq, 
[A] = 0.399M, [B] = 1.197M, [AB] = 0.203M. Calculate K, 
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Solution 
. Here 


[A2] = 0.399 mol dm? — [Bz] = 4.197 mol dm? [AB] = 0.203 mol dm? 
e [AB] 
* [A,]B,] 
3 (0.203 mol dm?) 
(0.399mole dm?)(1.197 mol dm?) 
Ke = 0.086 


| Equilibrium Expressions Involving Partial Pressure, Number of Moles 
- and Mole Fraction. 
Consider the general gaseous reversible reaction. 

At bBo =— cC, dD,, 
For gases the expression is often expressed in terms of partial pressure of each gas. 
rding to Henry's law "At constant temperature, the partial pressure of a gas is directly 

ional to its molar concentration. 
- Equilibrium constant K, in term of partial pressures is given by: 

pex p? 

oD" 

krs Pz xP 5 
Where P,, Pa» P, and P, are partial press 
lated with K, by the following equation. S 
K =K, (RT) K: 
Where An is the difference betwel in the total number of moles of the products and the 
"reactants. i 
When equilibrium concentrations of reactants and products are expressed in terms of their 
, the equilibrium constantis represented by K, and is given by the following equation. 
K, = ng xng a> 

n5 *n, 
= Where 5 e n. and n, are the moles of A, B, C and D respectively at the equilibrium 
AV TB c 

, is also related with K,- 
4g py 
K =K(2) 
re P is the pressi 


K 


[3 


üres of gas A, B, C and D respectively K, is 


ure of reaction mixture at equilibrium and n is the total number of 
ducts as shown by the balanced equation. 
aie centration of the reactants and products are expressed by their mole 


When ilibrium con nd p 
tions Pak e constant is represented by K, and is given by the following equations. 


x, i M x, and X, are mole fractions of A, B, C and D respectively. K, is 
(X Xe 2 
“bY the following expression. 
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K, =K, (P)^^ 
Where P is the pressure of the equilibrium mixture. 


Example 7.4 
Following reaction was studied at 25°C. Calculate its K, and K,- 
2NO,, + Clg = 2NOCI,; 


The partial pressures at equilibrium were found to be 
Pioa = 1.2 atm 


Pug = 5.0 x 10% atm 
PCI, = 3.0 x 10" atm 


Problem Solving Strategy 

1. Write K, expression 
2. Substitute the partial pressures of each species. Q 
3. Simplify to get K, 
4. Calculate An S 
5. Write expression relating K, and K, 
| | 6. Substitute known values in it and find K, S 
|l (Proc) $> 
| K =— moa) SS 

| "Ro Pa) s> 

E (1.27 S 

6.01077 (3:010) S 
Kp = 1.9x10* . sS 

Now S 
i! K, = Kc(RT)" S 

I An=2-(2+1)=-1 «$9 

| R = 0.0821dm? atm! mole"! 
| T= 25°C *273-2 
Kp = Ke (RT) 
4.9x10° = K (0.0821x 298)" 


K 
J a 
| 19x10 = (5:0821x298) 


Ko = 1.910? x 0.0821x298 
Ke = 4.6510" - 


Kp 


rcially. Following reaction 


E" 


^ (Ans: 0.1576) 


MDCATBYFUTUREDOCTORS(TOUSEEFAHMAD! KHAN) 03499815886 — — 


- concentration of any pure solid or liquid has n 


7. Chemical Equilibrium 


Types of Equilibrium 
With respect to the physical states of reactants and products, there are two types of 
ical Equilibrium. 
Homogeneous Equilibria 
An equilibrium system in which all of the reactants and products are in the same phase. 
= For example 

Nagy + Hag ==  2NHs, - 
280 24g) + O4, == 2S0 


2NO o+ Claro) —— 2NOCI,, 

CH,COOH(£)4- C;H,OH,, = CH,COOC;H,(/) + H,O(6) 

Heterogeneous Equilibria 

Equilibria which involve more than one phases are called Heterogeneous equilibria. For 
example S 

i e 

CaCO, CaO, + CO.) SS 

C, HO — CO + Hag, eU 

Fec + 4H 1,0 (q) ——5Fe;04, 4H; S 
If pure solids or pure liquids are involved in agnum system, their concentrations 


re not included in the equilibrium consta Eson. This is because the change in 
sedes on the equilibrium system. 


2H,0,, 92H, + Ort r3 


K= [H [02] "3 
and Kp = zPÀ *Po, $ 


i) — 3Fe,) + ano, — 9n 4H.) 


Self Check Exercise 7.4 
c and K, expressions for each of the following reactions. 


FeO € CO — Fei t CO; 


des +5024) PO 
CCl, + oe 


CHo 4C = 
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7.1.6 Ways to Recognize Equilibrium and Determination of Equilibrium 
Constant 
Equilibrium constant expression can be determined by physical as well as chi 
a) Physical Method (spectrometric method) : 
This method is based on the measurement of a physical property of the reaction mixture. 
This physical property is measured during the course of reaction without removing the sample 
from the reaction mixture. We will discuss spectrometric method. This method is applicable if a 
reactant or product absorbs ultraviolet, visible or infrared radiation. The concentration can be 
determined by measuring the amount of radiation absorbed. Equilibrium constant for N204 — 
NO? system can be determined by the spectrophotometer. 
NO, — 2NO,.,) 
(Colourless) (Reddish brown) p 
N;O, is a colourless gas whereas NO, is reddish brown gas. The progress of the 
reaction can be studied by measuring the absorbance at regular=Intervals. Absorbance is 
proportional to the concentration of NO, . At equilibrium spectrometer will show constant value 
of absorbance. Suppose reaction is started with "a" moles of.N2O4 at 100°C. and x moles of it, 
is converted to NO2. By applying stoichiometery, the amounttof NO, present in equilibrium will 
be 2x, which is measured by the spectrophotometer, Suppose the volume of the reaction 
mixture is V dm?, then we can write. 


emical methods. 


NOs 2NO;, 
Initial Conc. a zero 
(in moles) 
Eq. Conc. a-x 2% 
(in moles) 
-x 2x 


a 
Eq. Conc. (moles/dm?) cr. 


75 
At 100°C, 0.1mole of N,O, is heated in a one dm? flask. At equilibrium concentration of 
NO, was found to be 0.12 moles. Calculate K . for the reaction. 


Problem Solving Strategy 

1. Write equilibrium reaction. 

2. Write initial conc. of each species below equilibrium reaction. 

3, Workout equilibrium conc. of each species. 

4. Use equilibrium conc. of each species in KK. expression and find K 
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O, 0, ] = 0.12 mole 
ince one mole of N,O, gives 2 moles of NO, 


NO w——2NO;,, 
0.1 zero 


0.1— x 0.12 
0.04 0.12 S 
04 0.12 © 
k = NO. r S 
* NOJ S 
_ (0.12% SS 
* (0.04) AN 
K, = 0.36 S. 
S 
N 
the following reaction d 


O,, ye——À2NO, K= 0.1a HS 
inal Due ERES of N, ,, were 0.1M each. Calculate the concentrations of 


2NO, 
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3 Self Check Exercise 7.5 


For the reaction 
Hyg) + C04, —H,0,, + CO, 


K. = 0.60 at 500°C. if a mixture of 0.30M of each H, and CO, is heated at 500°C, calculate 
the concentration of CO at equilibrium. (Ans: [CO]=0.130M) 


b) Chemical Method 

In this method, the amount of a reactant or product is determined by a suitable chemical 
reaction. Consider the reaction between acetic acid and ethanol to form ethyl acetate and 
water. It is an example of reversible reaction in the solution state. 

CHCOOH, + C,H,OH,,, == CH; COOC Hsn x H,Ou 

Suppose this reaction is started by taking 'a' moles of acetic acid and 'b' moles of 
ethanol in a stoppered flask at room temperature. A small amount of mineral acid is added in 
the mixture to catalyse the reaction. 

The progress of the reaction can be studied:by determining the concentration of acetic 
acid after regular intervals. For this purpose small portion of mixture is withdrawn. The 
concentration of acetic acid is determined by titrating it against a standard solution of NaOH 
using phenolphthalein as indicator. Concentration of acetic acid will decrease until equilibrium 
is attained. Suppose x moles of acetic.acid has reacted with ethanol. Since one mole of acetic 
acid reacts with one mole of ethanol; the amount of ethanol reacted with acetic acid will also 
be x moles. As one mole of each of the product is formed. At equilibrium x moles of ethyl 
acetate and x moles of water are produced. This data is shown in table 7.1 


Table 7.1. Data for the equilibrium reaction between acetic acid and ethyl alcohol. 


Rea gaon CH,COOH ,"-C,H,OH,,. =— CH,COOC,Hy, + H,0) 
Initial Conc (in moles) a 
Eq. Conc (in moles) a-x b-x x = 

_ [CH,COOC,H,][H,O] 2 3 


© ~ [CH,COOH][CH,OH] 
__ 09 09 
° (a-x)(b-x) 
x? 
[t m——À— 

* (a-x)(b-x) 

Example7.7 
When 60g of acetic acid and 46g of ethyl alcohol are heated i ilibrium 
to libriu 

mixture, 12g water and 58.7g of ethyl acetate are formed. Find for the o E equi 
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eo 
60g / mole 
Initial moles of c HoH- 469 — 

46g/ mole 


Initial moles of CH,COOH = Se oe 


=1mole 
At equilibrium 


Moles of CH,COOC,H, = "878 _ _o.666mole 
88g/ mole ; 
Moles of 4o- — 129 
i 18g/ mole 
CH,COOH, + C,H,OH,, —9 CH,COOC Hs, + H,0,, 
1 1 0 0 


=0.666mole 


1- 0.666 1- 0.666 0.666 0.666 
0.333 0.333 
K= [CH,COOC,H,][H,O] 
©  [CH,COOHI[C;H,OH] 
_ (0.666)(0.666) 
"© (0.333)(0.333) 


K,=4 


Self Check Exercise 7.6 | ; nee > 
When dissolved in water, glucose and fructose exists in equilibrium as follows: 
Fructose —— Glucose 
red a 0.25M fructose solution at room temperature. At equilibrium he found 
gaa icd decreased yy 0.038M. Calculate K, for the reaction. (Ans: 0.179) 
a s of NOsand 0.88 moles of CO2 were heated in a flask at a certain 
Eoo moen ee 0.11 moles of each of the product were present. Calculate 


K, for the reactions 
E CO, * NO, —— CO, + NO 


(9) 29) 


(Ans: 0.0042) 


.7 Applications of the Equilibrium Constant — 

- Equilibrium constant for a reaction can be used to predict many important features of 
actions. For instance, it can be used to predict (1) Direction of the chemical reaction 
ni ion (3) Effect of changes in condition of the chemical reaction 


The Direction of a Reaction P n ; 
* Ihen reactants and products of a given chemical reaction are mixed, it is important to 


ther the mixture is at equilibrium and if not, in which direction it will move to achieve 
m state. For this purpose, We use the reaction quotient (Q). The ratio of 
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r time is called reaction quotient. |; 
ial concentration or concentration at 


concentration of products to reactant at any particula 
is obtained by applying the law of mass action, using initi 
any particular time instead of equilibrium concentration. 
4 [Products] 
| [Reactants ] 
The value Q leads to one of the following possibilities. 
(a) Q< kK, 
This indicates that more product is needed to acquire equilibrium. 
Therefore system must shift to the right until equilibrium is attained. 
(b) Q»k, 
| This indicates that less product or more reactant is needed to acquire equilibrium. 
Therefore system must shift to the left until equilibrium in reached. 
(c) Q=k, 
This shows that reaction is at equilibrium. No shift will occur. 
Example7.8 
For the synthesis of ammonia at 500°C, K, = 6.0 x 10 
Nao + 3Ha == 2NHs 
Predict the direction in which the system will shift to attain equilibrium when the 
concentration of species were found to be 
[H,] = 1.0 x 102? M 
[N,] = 1.0 x 103M 
[NH] 21.0 x 10°M 
Problem Solving Strategy 
4. Write the reaction quotient expression for the reaction 


2. Substitute the given. Values of conc. of each species in the expression and find Q 
3. Compare Q. with K, . If Q is > K, , the system will shift to the left to achieve equilibrium. 


Solution 


INH,]? 
Q NIHT 
0 (10x107 
7 (4,0x10°)(1.0x107)° 
Q= 1.0 x 10? 
But 
K, = 6.0x10" 


Therefore Q > K,. The system will shift to the left to achieve equilibrium 


Q 
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tá Self Check Exercise 7.7 


|Phosgene is potent chemical warfare agent and has been used in World 
War Il. It decomposes by the following reaction. 


COC —— COo Ch, K, = 8.3x10^at 350°C 


Predict the direction in which system will shift to attain equilibrium, when the concentrations 
lof species were found to be 


[coc] = osm 
[co] = 2.5x10°M 


[e] = 25x10°M (Ans: Towards left) 


ii, The Extent of Chemical Reaction 

The extent of a chemical reaction can be predicted by considering the magnitude of 
equilibrium constant. Again there are three possibilities. 
a. K, İs very large 

Many reactions have very large equilibrium constant, for example 

Fy) + Bru ~ 2HBr,.) K, =-6.4x10"at 25°C 

If concentration of each of the reactant at equilibrium is 1 mole then concentration of 
HBr would be 


2 
er =5.4x 10% 
lxl 
[HBr] = /s.4x10" 
= 2.32 x 10°M 


It mean that the concentration of HBr is very large as compared to that of reactants. At 
equilibrium the mixture wilh have mainly products. Thus large value of Kc indicates that the 
reaction goes virtually to'completion. 


b. Kis very small 


Reactions having very small Kc do not proceed appreciably in the forward direction. For 
example. 


Nag) + Oa, 


«PEE M 
one E olG of each of the reactant is present at equilibrium, then the concentration of NO 
Would be 


ES -30 0| 
— NO, K, = 1.0x10at 25°C 
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Equilibrium mixture will have mainly 


i ill be very small. - 
Thus, concentration of NO will be very he reaction has very little tendency to 


reactants. Therefore, small value of K, indicates that t 
move in the forward direction. 
Cc. K, is neither very small nor very large 

When K, in neither very small nor very large, 
appreciable amounts of both products and reactants. For example: 


NO, == 2NO;, K, = 0.36 at 25°C 


the equilibrium mixture contains 


, 
K, -NQ -0.36 


INO;] r 
If 1 mole of N,O,is present at equilibrium, 0.6 mole of NO, will be present in the 
eciable amount of reactants 


equilibrium mixture. Hence the equilibrium mixture will contain appr | 
and products. In such cases neither forward nor the reverse reaction go to completion. 


E € : 
E d Self Check Exercise 7.8 Ss 
White phosphorus P, is produced by the reaction of phosphorite rock, Ca, (PO,), 


with coke. When exposed to air it bursts into smoke and fumes and releases a large amount 
of heat. Predict whether K, for this reaction is largs or small. 


+ 504, = PO 104s) AS 


$ 


Pio 


v 72 FACTORS'AFFECTING EQUILIBRIUM 
(Thee Chatelier’s Principle) 


It is necessary to understand the factors that control the position of a chemical 
equilibrium. A knowledge ofisuch factors help industrial chemists to choose conditions which 
favour desired product as much as possible. We can predict the effect of various factors such 
as concentration, pressure and temperature on a system at equilibrium by using Le Chatelier's 
principle. "It states that if a change is imposed on a system at equilibrium, the position 
of the equilibrium will shift in a direction which tends to reduce that change". 


1.2.1 The Effect of a Change in Concentration 


When the concentration of one or more of the reactants or products present in equilibrium 
mixture is disturbed, the system will not remain at equilibrium state. According to Le Chatelier’s 
principle, the equilibrium shifts to accommodate the substance added or removed and restore 


equilibrium again. 
Consider the following gas phase equilibrium: 


CO) Hag =O) + HO 


When co, is added to this equilibrium system, it is no longer in equilibrium. Highe 
concentration of CO, increases the rate of forward reaction relative to Es reaction: 
Thus more CO, and H, combine and more CO and H20 are formed. As M ases ine 


p 
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concentrations of CO, and H, decrease, lowering the rate of forward reaction. At the same 

time increased concentration of the products accelerate the reverse reaction ultimately the two 

rates become equal again and equilibrium is re-established. At the new equilibrium 
i concentration of CO and H,O are higher than were present before the CO, was added. Thus 
equilibrium is said to have shifted to the products side. 

In all chemical systems, an increase in concentration of any reactant shifts the 
equilibrium towards the formation of the products. If concentration of a product is increased, 
the equilibrium shifts towards the reactants. A shift towards the reactant lowers the 
concentration of the added product. 

The opposite happens when we decrease the concentration of a reactant or product. If 
| the reactant concentration is decreased, the equilibrium system shifts towards the reactants. 
Removal of product shifts equilibrium towards the products. Let us understand the microscopic 
events that take place in an equilibrium system. The rate of chemical reaction depends on the 
numbers of effective collisions between the reacting molecules. At equilibrium the number of 
effective collisions for the forward and reverse reactions are equal. Increase in concentration of 
reactant increases such collisions for the forward reaction. Thus equilibrium shifts towards right 
with the formation of more molecules of products. Number of effective collisions for the reverse 
process also increase. As time passes the effective collisions-of reactant molecules decrease, 
| lowering the rate of forward reaction. Ultimately the number of effective collisions for both the 

processes again become equal and equilibrium is re-established. 


Example7.9 
K, for, the following reaction is 1.0 x 10? at‘230°C 
21 Clo = Clot lo) 
1.6 moles of ICI, 0.05 mole of |, .and 0.05 mole of Cl, is present in the equilibrium 
mixture in 2dm? container at 230°C. Determine the equilibrium concentrations of |,, Cl, and 
| ICI when the equilibrium is restored after the addition of another mole of ICI. 


Solution , 3 
On adding one mole of {Cl into the equilibrium mixture will shift equilibrium in the forward 


direction. Thus the concentration of ICI will decrease and concentration of |, and CI, will 
increase by x whereas concentration of ICI will decrease by 2x. 


2ICt = Ch + bo 
Initial Conc. 1.6 +1 = 2.6 0.05 0.05 
(in moles) 
Conc. at new 2.6 - 2x 0.05+x 0.05+x 
Equilibrium T 
(in moles) 
Eq. Conc in moles dm? 2.6-2x 0.05 x 0.54 x 

2 2 2 
k. - [Chik] 
«7 mem 


eye 
(25725) 
ih a O 
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1.0x10? = 


Taking square root of both the sides 


es) 
41.0x10? ENDE 


2.6-2x 
2 
0.05-x 
2.6-2x 
x = 0.029 moles dm? 
[ICI] = 2.6 - 2x 
= 2.6 — (2x 0.029) 
= 2.571 moles dm? 
l] = [cl] = 0.05 + x 
= 0.05 + 0.029 
= 0.079 moles dm? 


3.1x107 = 


|| Self Check Exercise 7.9 ; 
K, for, the following reaction is 1 0x10? at2 


ies c 
ACh — ht lag S 

1.6 moles of ICI, 0.05 mole of |, and: .05 mole of Ci, is present in the equilibrium 
mixture in 2dm? container at 230°C. Deter ine the equilibrium concentrations of |,, Cl, and ICI 


when the equilibrium is restored affer the removal of one mole of ICI. (Ans: 0.0208M. 
0.0208M, 0.658M "i 


./7.2.2. The Effect of Pressure Change 
Equilibria that contain gases are influenced by pressure changes. When pressure on a 
gaseous system at equilibrium is increased, the system tends to reduce the volume to undo or 
minimize the effect of increased pressure. This is done by decreasing the total number of 
gaseous molecules in the system. This is because at constant temperature and pressure the 
volume of a gas is directly proportional to the total number of molecules of the cM 


Consider the following equilibrium system. Which si 1 
b sid of 
" molecules? le contains smaller numbers 


280; +026) ——2280,,, 


If we suddenly increase pressure on the s p ; 

xz : | ystem. What ilibrium 
This Ter pase to the right, because in this direction three molecules (two ?' 
oo produce two molecules (of S0,), thus reducing the total number of 


gaseous molecules present. This means the equilibri iti i 
involving the smaller number of gaseous aie in ees n towards the side 
mical equation. 
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When the pressure is reduced the system will shift so as to increase its volume. 
There are certain equilibrium in which the total number of molecules are same on either 
side. For example 


Flag, + lg = 2H.) 
ey) 
2moles 2moles 
Whenever the pressure is changed on such a system, neither forward nor the reverse 
reaction is favoured because the number of molecules is the same on each side. Such 
equilibria are not affected by pressure or volume changes. 


Self Check Exercise 7.10 


The formation of methanol is an important industrial reaction in the processing of new 
fuels 


CO,,) a 2H.) rd CH,OH, 
A student decreases pressure over the system in an attempt to increase the yield of 
methanol. Is this approach reasonable? Explain. 
V/1.2.3 The Effect of Change in Temperature 
Chemical reactions that liberate heat are called exothermic and those that absorb heat 
are called endothermic. Heat is placed on the right side of the equation in case of exothermic 
reactions. In endothermic reactions, it is placed onthe left side of the equation. We can use Le 
_ Chatelier’s Principle to predict the direction of change. Treat energy as a reactant in the 
endothermic process. Predict the direction of-shift in the same way as an actual reactant or 
product is added or removed. Therefore.an increase in temperature adding heat favours the 
endothermic reaction and decrease in temperature (removing heat) favours the exothermic 
reaction. Consider the following reaction. Which reaction is endothermic, forward or reverse 
rection? 
2805, + O29) L——3290; AH? = —198kJ 
Because the reaction is exothermic, we can write 
2805, + O20) L—2280,, heat 
Heat can be treated as if it were a substance involved in the reaction. According to the 
Le Chatelier's Principle an increase in temperature will shift reaction from right to left in order 
to absorb the added heat and to counteract the temperature increase. As a result of this 
change concentration of SO, will decrease and concentrations of SO, and O, will increase. As 
a result, the value of equilibrium constant will decrease. 
. [SO,f «—— decreases 
[SO;T[O,] €—— increases 
That is why K, = 28x 102 at 1000K whereas at 298K the value of K_ 21x10?9. The 
equilibrium production of SO, is favoured at lower temperature. This is because K, is much 


larger at 298K than at 1000K. : 


c 


= 
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Now consider the following reaction 
NOs NO y AH? = + 57.2kJ 
Because the reaction is endothermic, we can write 
N Oso) + heat ——2NO,,,, K 
As ihe temperature is increased, heat enters the system and the reaction will shift from 
left to right. As a result of this change, concentration of NO, will increase and that of N,O, will 
decrease. This will increase the value of K, 
_ INO, « — increases 
[N,O,] «—— decreases 
That is why K, for this reaction is 7.7 x 105 at 0°C and 0.4 at 100°C. 


iS 


Self Check Exercise 7.11 
Consider the following equilibrium 


2 lo) we o lo) 


What would be the effect on the position of esuii when temperature is decreased? 
th 


Predict the effect of increasing the temperature o) 


e amount of product in the following 
reaction. 


CO, 2H, CHOH o K2 (exothermic) 


7.2.4 The Effect of Addition of'Catalyst 


A catalyst added to a reaction mixture speeds up both the forward and the reverse 
reaction to the same degree. Thus, catalyst has no effect on the equilibrium concentrations of 
reaction mixture. However, the catalyst is important in enhancing the rate at which equilibrium 
is established. 


1 .3 INDUSTRIAL APPLICATION OF LECHATELIER'S PRINCIPLE 
(SYNTHESIS OF AMMONIA BY HABER'S PROCESS) 

For industrial processes it is important to maximise the concentration of the desired 
product and minimise the leftover reactants. Le chatellier's principles and reaction kinetics ca^ 
both be used to design best conditions to give the highest possible yield of the product in an 
economic way. 

The manufacture of ammonia by Haber's process is represented by the following 
equation. 


Naot 3H44—2NH,, AH? = -9246kJ 
This equation provides the following information. 
i) The reaction is exothermic. 
ii) The reaction proceeds with a decrease in number of molecules or moles. 
Le Chatelier's principle suggests three ways to get maximum yield of ammonia. 


_ 
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j Low Temperature 


The forward reaction is exothermic therefore, low temperature will favour the formation of 
ammonia. The suitable temperature is 400°C. 


i High Pressure 
Since four molecules (one of N, and three of H,) react to produce two molecules of NHs. 
Thus, high pressure will shift the equilibrium to the right side i.e. formation of NH,- The 
most suitable pressure is 200 — 300 atm. 
Thus, optimum condition for equilibrium production of ammonia is low temperature and 
high pressure. Although at low temperature yield of ammonia is high, but the rate of its 
formation is so slow that the process becomes uneconomical. Therefore, a catalyst is 


used to increase the rate of reaction. Usually a piece of iron with other metal oxides is 
used as catalyst. The equilibrium mixture contains 3596 NH, by volume. 


iii. Continual removal of ammonia 
A final factor which greatly increases the production of:ammonia is the continuous 
removal of ammonia as it is formed. This is done by liquefying ammonia. The equilibrium 
mixture is cooled by refrigeration coils until ammonia condenses at -33.4?C and is 
removed. N, and H, which do not liquefy at this temperature are recycled into the reaction 
chamber. The stress caused by the continual removal of ammonia shifts the equilibrium 
toward the production of more ammonia. In fact, the mixture need not to be allowed to 
come to equilibrium at all. In this way practically 100% conversion of N, and H, to NH, is 


possible. 


7.4 SOLUBILITY PRODUCT AND PRECIPITATION REACTIONS 


| Now we will discuss some of the important equilibria which have some analytical 
importance. 


7.4.1 Solubility Product 


| When an excess of slightly soluble ionic compound is mixed with water. Some of it 
dissolves and remaining compound settle at the bottom. Dynamic equilibrium is established 
between undissolved solid compound and its ions in the saturated solution. For example, when 
CaF, is mixed with water. Following equilibrium is established. 


| CaF, Cad, + 2F; 


(aq) (aq) DO YOU KNOW 
K, for this equilibrium can be written as Precipitates are insoluble ionic solid 
QE S product of a reaction in which certain 
Ke _ [Ca^ FT cations and anions combine in an 


| [CaF,] aqueous solution. 
| Since CaF, is slightly soluble salt its concentration 


almost remains constant. 
| Therefore, 


K,[CaF,] = [Ca*] [Fy 
ke- [oa] [FT 
o — " 
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— —— 


Where Kp is a constant known as the solubility product constant. It is defined as the 
product of the equilibrium concentrations of ions, each raised to a power which is the 
coefficient of the ion in the balance chemical equation. 

In general, Ksp expression of any slightly soluble ionic compound A,,B, can be written as 


-—— +n -M 
ABr) MA (aq) * nB (aq) 


in I Fem 
Has ET MORI 
This means that the solubility product constant is equal to the product of the equilibrium 
concentration of ions each raised to a power equal to the number of such ions in the formula 


unit of the compound. 


7.4.2 Precipitation Reactions 


In the previous section, we have considered solids dissolving in solutions. Now we will 
consider the reverse process i.e. the formation of a solid from solution. An aqueous 
reaction that takes place when two or more solution are mixed together, yielding a 
solid insoluble substance is called precipitation reaction. In this section we will show 
how to predict whether a precipitate will form when, {wo solutions are mixed. We will use the 
term ion product (Q’). It is obtained by substituting initial concentrations instead of 


equilibrium concentrations in the expression for K,,. For example, ion product expression 
for solid CaF, is given by 


Q'= [Initial conc. of ca?) [Initial conc. of FI 


If we add a solution containing Ca* ions to a solution containing F^ ions, precipitate 
may or may not form. To predict whether a precipitation will occur, we compare Q’ and K.n 
There are two possibilities: 

a) If Q’> Ky» precipitation occurs and will continue until the concentration satisfy K, 


D FOKKE precipitation does not occur. 


Example 7.10 
The solubility of AgBr is 7.1x107M at 25°C. Calculate its K_. 
sp 


Solution 

| 7.1x107 M of dissolved Ag Br produces equal moles of Ag* and Br ions. 
| AgBrs) = AJia) * Bra) 
74x107M _7.1x107M 7.1x107M 
K,, = Ag Ir] 


Ka = (7.1x107) (7.1107) 
Ky = 5.041x10 " 
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Fil Self Check Exercise 7.12 


i Write K.,, expressions for 


Iron(I!)Hydroxide 
Calcium Sulphate 
ij Lead (Il) Sulphate is used as white pigment. What is the solubility of PbSO, ? 
K,,— 1.96x10 “at 25°C (Ans: 1.4x 10^ M) 
iii. Phosphate in natural water often precipitates as insoluble Ca, ((PO,),- In Indus river 


concentration of Ca'^ and PO? ions is 1.0x109M each. Will calcium phosphate 
precipitate? K,,= 1.2x10 "at 25°C (Ans: No) 


v1.5: COMMON ION EFFECT 
An interesting situation arises when a weak electrolyte and a salt containing a common 
ion are present simultaneously in an aqueous solution. For example; in a solution of weak acid, 
hydrofluoric acid Ka = 7.2 x 10%, its salt sodium fluoride produces the common ion. 


HO 4 = 
HF aq) ER Hag HFa) 


NaF.) SE Nat, + Fea) 

Since HF is a weak electrolyte, it slightly dissociates. NaF being strong electrolyte breaks 
up completely into its ions. The common ion F-is produced by NaF will upset its equilibrium. 
This will increase concentration of F- ions, According, to the Le Chatelier's principle, the 
equilibrium will shift to the left to use some of F` ions. This will decrease the dissociation of HF. 
Thus dissociation of HF will decrease'in the presence of dissolved NaF. This means as a result 
of equilibrium shift, the concentration of HF will increase. See section 7.2.1 to understand the 
effect of change in concentration on equilibrium. 

Similarly when a highly soluble salt is 
' added to the saturated solution of less soluble 
salt containing a common ion. The degree of 
| common ion effect. In general any procedure that dissociation of less soluble salt decreases. 
| involves precipitation follows these principles Therefore it causes decrease in its solubility. 

The term common ion effect is used to describe the behaviour of a solution in which 

same ion is produced by two different compounds. “The phenomenon in which the degree 

Of ionization or solubility of an electrolyte is suppressed by the addition of highly 
- Soluble electrolyte containing a common ion is called common ion effect”. 

Examples 

i Potassium per chlorate KCIO, is moderately soluble in water. When highly soluble 

KCI is added to the saturated solution of KCIO,. It causes increase in the concentration 


Separation and identification of cations into analytical 
| groups is based on solubility product principle and 


of K*ion. 
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KCIO,, == Ki + ClO ae 
KCl, Kico Cla 


According to the Le Chatelier's principle K* ions will react with CIO, ions to form 


KCIO,,.). This will suppress, the ionization of CIO, . Thus it will precipitate out. 
ii. When HCI gas is passed through the saturated solution of NaCl (Brine), it increases the 
concentration of Clion. 


NaCl) = Naan Cla 


HCl, 


containing carbonic acid. S 


— >Hi (a9) + Chey 


(aq) 


According to Le Chatelier's principle Cl ions will combine with Na” ions to form 


precipitate of pure NaCl. 


S 
|| Seif Check Exercise 7.13 S 


Ammonium Chloride, NH,CI is a water soluble salt: What will happen if this salt is 
added to a solution containing ammonium hydroxide. 
NH,OH,oq) =NH en + OH) $S 
Carbonic acid is a weak acid. It ionizes inWater as follows 
HCO (09) Hay + CO. S : 
What will happen if a strong/Blectrolyte such as Na,CO, is added to a solution 


— —1 


A 


Chemical Equilibrium i 
both the directions. 


At equilibrium state reactants are converted continuously into pr n 
d : ‘oducts 
molecules collide with each other. P and vice versa, aS 


The law of mass action is a general description of the equilibri iti 
for the reaction of type quilibrium condition. It states that 


aAa *bBgy = Ly *dDg 
The equilibrium equation is given by 


(cy [Dy 
ra ae 
° JAF IBI 


where K, is equilibrium constant 


s a dynamic state in which the reaction proceeds with equal rates in 
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The equilibrium can be expressed in terms of the equilibrium partial pressure of gases 
as Kp- 

The reaction quotient Q has the same form as the equilibrium constant expression, but it 
applies to the reaction that may not be at equilibrium. If Q >K,, the reaction will proceed 
from right to left to achieve equilibrium. If Q «K. , the reaction will proceed from left to right 
to achieve equilibrium. If Q = K , the reaction is at equilibrium. 

There is only value of K, for each reaction at a given temperature. However, there are 
infinite numbers of equilibrium positions. An equilibrium position is defined as a particular 
set of equilibrium concentration that satisfies the equilibrium expressions. 

The concentration of pure solids, pure liquids and solvents are constant and do not appear 
in equilibrium constant expression of a reaction. 

Le Chatelier's Principle allows us to predict the effect of changes in concentration, 
pressure and temperature on a system at equilibrium. It states that when a change is 
imposed on a system equilibrium, the equilibrium position will shiftin a direction that tends 
to undo the effect of imposed change. 

Only a change in temperature changes the value of K, for a particular reaction. 

The addition of catalyst has no effect on the equilibrium concentration of reactants and 
products. However, it decreases time to achieve equilibrium state. 

The principle of equilibrium can also be applied when an excess of solid is added to form a 


saturated solution. 


References for Further Information 


e Advanced Chemistry, Philip Matthews 
e Fundamental's of Chemistry, David E.Guldberg 
e Raymond Chang, Essential, Chemistry 
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1 Choose the correct answer 
(i) K,is independent of; 
(b) Pressure 


(a) Temperature 
(c) Both temperature and pressure (d) K, 
(i) For which of the following reactions, Ke has no units of concentration? 
(a) 2A... Ba (b) Ag; = Po 
(c) Ao == Bo) (d) 3A) = 2Co 


(iii) For the following reaction 
2A(,*Bi, Fw) 


We can write? 


(a) K, > Kp (b) K, < Kp 
(c) Kp - K, =9 (d) K, —K, =-1 
(iv) What is the effect of addition of catalyst onan equilibrium mixture? 
(a) Reverse reaction (b) Forward reaction 
(c) Enthalpy of reaction (d) It has not effect 
(V) IK, -[w?f per , the chemical formula of compound is; 
| (a) MX; (b) MX (c) MX; (d) MX; 
| (vi) NaCl can be purified by passing HCI gas through the solution of NaCl. 
| (a) Dilute (b) Concentrated (c) Hot (d) Cold 


(vii) K. =Kp when An is equal to; 

(a) Zero (b) *1 (c) -1 (d) -2 
(viii) Consider the following reaction: 

280,4," 029 ———280,4,, AH'——198kJ 

Yield of sulphur trioxide can be increased by; 

a) increasing pressure i 

b) . increasing temperature 

c) adding catalyst 

d) increasing concentration of oxygen 


do. . El» 

2 a,b,c 
3 a, b, c, d 
4. “ad 
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-2. Define chemical equilibrium. 
3. Define and explain the following terms. 
(i) Reaction quotient 
(ii) Solubility product 
(iii) Common ion effect 
(iv) Heterogenous equilibria 
(v) lon product 


4. Explain industrial application of Le Chatelier's principle using Haber's process as an 
example. 
5. Propose microscopic events that account for observed macroscopic changes that take 
place during a shift in equilibrium. 
6 50 cm? of acetic acid (d = 1.049 g cm’) is mixed with 50 cm? of ethanol (d=0.789 g cm?) 
what is the equilibrium composition of the mixture at 25°C (K, 24). 
. (Ans: CH3COOH = 17.4 g, C2HsOH = 13.34 g, CH3COCzHs =:51.04 g., H207 10.4 g) 


7. Write Kc and Ke expressions for the following reactions 


€ so, 


(ii) H,O 4 CLO,, ——2HOCl, 


(i) Ox) == 0,5 + %e) 


(v) Ox, = $o, 


O5 == SOx.) 


"() Fe,O,, His == 3FeQf,) + HO, 
(vi) 2NO, + Cl, ———52NOCI,, 
(vii) CaCO, ———6€80,, + CO; 


(viii) C. +H, Og CPO + Hag; 
8. At a particular "temperature Ke = 0.133 atm. Which of the following conditions 
corresponds to equilibrium position for the reaction? 
Ao = 2B) 
(a) P, = 0.175 atm, Pa = 0.102 atm 
(b) P, = 0.064 atm, Pa = 0.0308 atm 


(c) P, =0.144 atm, Pa = 0.156 atm (Ans: b and c) 


9. Write the expression for K, and K, for the following processes. 
(a) Blue vitriol is deep blue solid copper (Il) sulphate pentahydrate is heated to drive 


off water vapours to form white solid copper (Il) sulphate. 
(b) The decomposition of solid phosphorus pentachloride to gaseous phosphorus 


trichloride and chlorine gas 
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10. Predict the shift in equilibrium position that will occur for each of the following processes 


when the volume is reduced. 
(i) ^ POL 3NH DÀP(NH,), + 3HCl,, 


(i) 2NO,)+Ox.) == 2NO 


2(g) 
(ill) | 4NH4,, 505. ANO, £6H;0,; 
41. For each of the following reactions, predict how the value of K, changes as the 


temperature is increased. 


(8)  N45*04,4 ——2NO, AH? = +180kJ 
(b) 290,504, ——280,, AH --198) 
(c) | NO, ——22NO, AH? =58kJ 


(d) CH yg tH.) Og + 3H; AH? = 256kJ 
12. What is the difference between an equilibrium with a K, valuetarger than one compared 
with an equilibrium that has a K, smaller than one? 
43. Describe the behaviour of the following equilibria with the stated changes 
(a) Increasing pressure on; 
CH, t5020) 0 1,5) + 480, 
(b) Adding loto) to; 
2H\|,,) a * Hao) 
(c) Removing heat from; 
1 
C0; — CO; + 29x» AH? = 284kJ 
(d) Decreasing pressure on; 
CH, — C Hag e 
44. A solution is prepared by mixing 50 cm? of 5 x 103M N 3 3 
x bris aCi with 50 cm? of 
-2| . Will a preci E 
2x10?M Pb(NO.), precipitate of PbCI, form? K, for PbCI, is 1.7 x 10°. 


45. When solid PbCl2 is added to pu (Ans: Yes) 
- I re water at 25°C, th ; I the 
concentraton of pat reaches 1.6 x 10?M. After this e euin t en 
solid remains undissolved. What is KK... for this salt. B SEEN 
|: n (Ans: 1.6384x107) 


46. Consider the following gas phase reaction 
SO; * Cla) 7—2580,0h, + Heat 
Describe four changes that would derive the equilibrium to left. 


47. How would you change the volume of the followin i 
2 g reactions to in A 
() ^ Cha tlg, HACK) (i) CRUS Sad 


2NO,,) — NO, 
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18. A figurine device used to predict weather condition is blue on dry, sunny days and pink on 


19. 


20. 


damp, rainy days. These figurines are coated with substances containing chemical 
species that undergo following equilibrium. 

[Co(H,O),]'* --4Cl- —— [CoCl,]* +6H,O 
(a) Identify the blue substance 
(b) Identify the pink substance 
(c) How is Le Chatelier's Principle applied here. 
Potassium dichromate solution has beautiful clear orange colour. This is due to the colour 
of dichromate ion, Cr2O7?. When the salt is dissolved in water, the following equilibrium is 
setup, on heating solution. 


eroaa HO, ——2CrO;2,, + 2H" 


7(aq) 4(aq) (aq) 
(orange) (yellow) 
What will happen if: 
i) dilute Sodium hydroxide is added to this solution. 
ii) this is followed by dilute hydrochloric acid addition. 
For the reaction between hydrogen and lodine to form hydrogen lodide, the value of K, is 


794 at 298K but 54 at 700K. What can you deduce from.this information? 
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ACIDS, BASES AND SALTS 


ér c 1 IA This is 8 days lesson 
ARE COT this lesson, you will be (period including homework) 


Define Bronsted and Lowery concepts for acids and bases. 

e Define salts, conjugate acids and conjugate bases. 

e Make a buffered solution and explain how such a solution maintains a constant pH, even with the addition of 
small amounts of strong acid or strong base. 


e Use concept of hydrolysis to explain why the solution of a salt is not necessarily neutral. 
e Define and explain levelling effect. SV 
e Explain ionization constant of water and calculate pH and pOH in aqueous medium using given Kw values. 
e Use the extent of ionization and the acid dissociation constant, Ka, istinguish between strong and weak acids. 
e Use the extent of ionization and the base dissociation constat Kb, to distinguish between strong and weak bases. 
e Define a buffer, and show with equations how a buffer sy im works. 
e Use the concept of hydrolysis to explain why aqueads Solutions of some salts are acidic or basic. 
e identify conjugate acid-base pairs of Bronsted-LOwery acid and base. 
aS 
INFRODUCTION 
Acids were first recognized as substances that taste sour. Vinegar tastes sour because it 
is a dilute solution of acetic acid; Citric acid is responsible for the sour taste of a lemon. Bases, 
sometimes called alkalis are characterized by their bitter taste and slippery feel. Commercial 
preparations for unclogging drains are highly basic. A salt is an ionic substance that results from 
the neutralization of an acid and a base. Acid-base chemistry is important in a wide variety of 
everyday applications. The influence of acids on living things has assumed special importance 
in recent years due to the phenomenon of acid rain. 
The acids classified into (i) Mine ids (ii re era nae 
weaker than mineral acids. a peg Ke Ne ets nt mhe groene acids T 
stuffs. Some common organic acids and their a RM undiniycastables, fruit and other 
| ppearance in different categories are as follows: 


Organic acids 


Where it is found 
| Lactic acid Sour Milk — 
| Citric aci 3 
| Id toand Citrus fruits like lemons. oranges 
| Formic acid fo n 
s Tartaric acid | : S 
Maleic acid 
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The presence of water is essential for the formation of H*, for example HCI is covalent in 
nature and does not form H* ions. However, it forms H3O* ions in the presence of H20. 
HCI + H,O ——» H,O* + CI 
Bases form a class of chemical substances including metal oxides and hydroxides. A 
soluble base is called an alkali and forms OH"! ions when dissolved in H20. In general, the bases 
on hydrolysis produce alkali. 
CaO + H,O —> Ca(OH), 


Here CaO is basic in nature whereas Ca (OH) is an alkali and a base. 
Alkalis are important in soap and detergent manufacture. Caustic soda (NaOH) is used for this 
purpose 
The ionic substance obtained as a result of neutralization of acids and bases are called 
salts. 
e.g. HCI + NaOH ——» NaCl + H,O 
A salt may be neutral, acidic or basic. 


8.1 ACIDIC, BASIC AND AMPHOTERIG SUBSTANCES 


The characteristics of acids and bases are well DO YOU KNOW 

known e.g. acids turn blue litmus red and react with’ | Onions release a gas which turns into 
carbonates to evolve carbon dioxide and bases turn fed | Sulphuric acid when it reaches your 
litmus blue. Hydrochloric acid and nitric acid are common | °Y°S: Making them burn. 

examples of acids, and sodium hydroxide and potassium 
hydroxide are common examples of bases, However, there are certain substances which are 
not acids or bases themselves but show‘acidic or basic nature when dissolved in water. For 
example, there are certain oxides of metals, like sodium oxide (Na2O) and calcium oxide (CaO) 
Which react with water to furnish-bases sodium hydroxide (NaOH) and calcium hydroxide 


[Ca(OH)j]. 
Na,O, + H,O) ——*2NaOH, 
CaO, + H,Oy => Ca(OH) 


Thus, these oxides are basic in nature. On the other DO YOU KNOW 
hand certain non-metal oxides like carbon dioxide (CO2) | Lemon juice contains citric and 
Sulphur dioxide (S02) and nitrogen pentaoxide (N2Os) | ascorbic acid. 

When react with water yield carbonic acid (H2COs) 
sulphurous acid (H2SOs) and nitric acid (HNO3). Such oxides are thus acidic in nature. 


CO, * HO, —> HCO; 
SO, + HO) —> H,SO 300) 


NO, + HO, —> 2HNO; 

Certain oxides are on the border line of being acidic or basic. These oxides which tend to 
be insoluble in water, are soluble in both acids and bases. They are said to be amphoteric in 
“character that is both acidic and basic. For example aluminium oxide (Al203) is amphoteric and 


it reacts with both acidic and basic solutions: 
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(basic) Al,Oz) + €HClu —? 2AI Ch * SHO 

(acidic) AOs + 2N2OH aq) —> 2NAAIOz(oq) + HOn 
Also, chromium trioxide is amphoteric since it reacts with both acids and bases. 

(basic) Cr,O4,, + 6HNO;, (a) — 2Cr (NO; )s¢aq) + 3H;O( 

(acidic) CrO; (s) + 2KOH a) — 2KCrO;4 + HO; 

In addition to oxides, certain salts are also acidic and basic in nature e.g. ammonium 
chloride (NH4CI) is acidic because when dissolved in water it furnishes an acidic solution; 
potassium carbonate (K2CO3) is basic since it yields a basic solution in water. 

NH,CI + HOH—— NH,OH + HCI 


K,CO, + 2HOH—> 2KOH + H,CO, 
8.2 LOWERY BRONSTED CONCEPTS FOR ACIDS AND BASES 


The concept of acids and bases was further elaborated by J. Bronsted and T. Lowry, 
independently, by defining them in a different manner. According to these definitions, a 
Bronsted acid is a proton donor and Bronsted base is à proton acceptor. In this respect, a 
proton is defined as the nucleus of a hydrogen atom (H^) and it has nothing to do with the protons 
in a carbon atom, or a sodium atom or any other atom. Hydrochloric acid is a Bronsted acid 
since it donates a proton to water according to.the following equation. 

HCl, + HOn — H.O' a Cl (aq) 
Acid Base 

Since water accepts a proton, it is a Bronsted base. After accepting a proton, water is 
converted to hydroxonium ion (HsO*). The hydroxonium ion is infact a hydrated proton. Some 
more common Bronsted acids are sulphuric acid (H2504), phosphoric acid (H3PO«) and acetic 
acid (CH3CO2H) etc. 

Amphiprotic Nature of Water 
The Bronsted bases have been defined as those species which accept a proton. Thus, in 
the following equation, water is a Bronsted base since it accepts a proton from sulphuric acid. 
H,SO,, + HO, —> HO") + HSO; 


Acid Base 


Also, in the equation below, ammonia accepts a proto! i 
: l ONE n from water. mmon? 
is a Bronsted base and water is a Bronsted acid here: E 
NH, +H,O —>NH; *OH 
10) 0 (eq) (oq) 
Base Acid ‘ 

It is important to note that water behaves as a 
Bronsted acid in presence of ammonia and as a Bronsted | f 
base in presence of hydrochloric acid or sulphuric acid. There 
are many other examples of this type of behaviour. 


aq) 
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Amphiprotic Nature of Acetic Acid 


In the equations given below acetic acid is Bronsted acid as well as a Bronsted base. 


(aa) 


CH, COOH, + H,0,, = CH, COC, + H,O 


Acid Base 
CH, COOH), + HCl, == CH, COOH; py + Cla 
Base Acid 


8.3 CONJUGATE ACID — BASE PAIRS 


Conjugate acid is a specie which is formed as a 
result of acceptance of proton by a base. Every Bronsted 
acid has a conjugate base. 

Conjugate base is a specie which is left behind after 
donation of a proton from the acid. 


DO YOU KNOW 
A strong acid produces a relatively 
weak conjugate base. Likewise a 
strong base produces a relatively 
eli estu acid. 


In an acid-base reaction, an acid yields a base (conjugate) and base after accepting 
proton yields a conjugate acid. The acid-base reaction is represented as 


4 + B =B + A 
Bronsted Bronsted Conjugate Conjugate 
acid base base acid 


The conjugate acid-base pairs are speciés on opposite sides of an equation that differ by 
a proton. The weaker acids have stronger conjugate bases and Stronger acids have weaker 


conjugate bases. 


lonization of HCI in water; 
aCi + H0 < HO” cl 
| f zee] 
acid | see conjugate base 
base conjugate acid 


lonization of NH4OH in water; 
HN + HO === NH, + OH 


=] 


conjugate 
base 


acid 

base em 
conjugate 
acid 


lonization of H20; 
ISE(0) sp )2 KO) —À 
i acid 
Do C——Àd 
conjugate 


acid 


The water is amphoteric in nature i.e. it is acidic as well as basic in nature. 


HO" + OH” 


conjugate 
base 


99; 


Ww 
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Particular Examples of Conjugate Acid-Base Pairs: 


A + B, = DEL A, 

He + HO c Chea POT 
Hd + NH, == Chi NEG 
HNO, + HO — NO’, + HO" 
NH + HO == nt e O 
HO + HO — OH' + — HO" 
HO + CO? == OH' + HCO; 
HCIO,+ HO — CO; + HQ" 


A1 B1 and B2 Az are known as conjugate acid-base pairs. 


8.4 STRENGTH OF ACIDS AND BASES: 


Different Bronsted acids donate proton to different extents: An acid which can donate 
proton to a higher degree than another acid is said to be relatively strong acid. For example, 
hydrochloric acid is a relatively stronger acid than acetic acid. Also, acetic acid is relatively stronger 
than water. The ability of an acid to donate proton is called ‘strength of acid’ or the ‘acid strength’. 
Similarly, the bases also differ in their ability to accept proton. A base which can accept proton to 
higher degree than another base is a relatively stronger base. Thus ammonia is a relatively 
Stronger base than water because ammonia can'accept a proton to a higher degree than water. 


8.4.1 lonisation constant of Water'and Calculation of pH and pOH in Aqueous 
Medium using Given Kw: Values 


Water is a unique compound due to its ability to accept or donate proton under different 
environments. It has been mentioned earlier that water acts as a Bronsted a 
ammonia, and as a Bronsted base in presence of hydrochloric acid. 
undergoes ionization to a'small extent as shown in the following equation: 

H,O + H,O ——5H,0* «OH 

This reaction is regarded as auto ionization of w. 
water molecules (on the left side of the equation) and the 
the right side of the equation). The equilibrium constant (| 


cid in presence of 
In fact, Water itself 


ater. There is an equilibrium between 
hydronium ions and hydroxide ions on 


K ; TUA 
by the following equation. ) for this equilibrium can be expressed 
K = [&O"I0H] 
[Hor 


Since water is a solvent, the concentration of water, [H;O]is in large excess, therefore it 
remains constant. The above equation may be re-written as: 
KIH,OF = [HO'][OH] 
the term K[H,O]? is the product of two constants, and is 
KIHO = K, = [H.O*]oH] 
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Kw is termed as the lonic product constant of water. Since[H,0*] is the concentration 
of hydrated protons at equilibrium, the above equation corresponds to: 
Kw = [H']IOH] 
In pure water at 25°C, Kw = [H'][DH] 21.0 x 107* 
Whenever [H'] = [OH], the aqueous solution is found to be neutral, neither acidic nor basic. 
[H]- 1.0 x 107M 
[OH]s 1.0 x 107M 
[H'][OH ] 2[H' P 21.0 x 10^ 
[H'] > [OH] Acidic solution 
[OH] > [H'] Basic solution 


Itis to be noted that, because Ky is an equilibrium constant, it is temperature dependent 
thus, at40°C Kẹ = 3.8x10"* which corresponds to 


[H"] = 1.9%107M and[OH"] = 1.9x107M as[H'] = [OH] 

pH 
Since the concentration of [H*] and [OH] are usually very.small numbers and inconvenient 
to work with, a more practical measure called pH was proposed and defined as: 
pH = -log [H'] 

It means that pH of a solution is given by the negative logarithm of the [H'] concentration 
(in mol/dm?). However it must be kept in mind that.pH being a logarithmic value, does not have 
any units, the pH concept implies that at 25°C; the different types of solutions will show the 
following behaviours: 


Acidic solution: [H'] 24:0 x 107 M, pH «7.00 
Basic solution: [H:] «1.0 x 107M, pH» 7.00 
Neutral solution: .<[H"] 21.0 x 107 M, pH 7.00 


pOH 


A scale analogous to:the pH can be devised using the negative logarithm of the OH 
concentration. 
pOH = -log [OH ] 
As; Kw -[H'][OH] 
At 25°C, Kw = 1.0 x 1074 
1.0 x 10% =[H*] [OH] 
Taking log of both sides 
log (1.0 x 10'*) — =1og [H"] +log [OH ] 
-14 = -og [H*] - log [OH] 
14 ei (-log[H" ]) * (4og[0*]) 


14 =pH+pOH 
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Example 8.1 
The concentration of [OH] ion in a househo 


concentration of [H'] in it. 


Solution: 
[OH] =0.005M 
Ky = [H']IOH] 
1.0 x 10" = [H*] x 0.005 
vcl) ere -12 
[H'] = ESUUSE T 2.0x10 "M 
Example 8.2 


Calculate the pH of 0.001 M aqueous hydrochloric acid solution. 


Solution: 
Hydrochloric acid ionizes in water completely therefore, 
HCI + HO —— H,O* + Cr 
0.001 M 0.001 M 
[H,O°] is in fact the same as [H'] 
Therefore [H*] = 0.001 M 
pH = -log (0.001) 
= -log 10? 
= 300 
Therefore, the pH of 0.001 M aqueous hydrochloric acid is 3.00 
Example 8.3 
Calculate the pH of 0.062 M NaOH solution. 
Solution: 
NaOH, —> Na. i P OH (aq) 


0.062M 0.062M 0.062M 
= -log [OH] 

= -log [0.062] 

=1.21 

=14 


Fi Self Check Exercise 8.4 


What is the 
(Ans: pH = 1.4) 


pOH 


Now pH +pOH 


— — —MDCA 


H ^ el 
PH of a solution containing 1.95g pure H2SO4 per dm? 
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Id ammonia solution is 0.005M. Calculate the 


of solution? 
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Titration: 

"It is defined as a method to find the volume of the standard solution required to 
react completely with known volume of another solution under analysis". 

Acid-base titrations are conducted using burettes and volumetric pipettes. Generally acid 
solution is placed in the burette. A fixed volume of base is placed into a conical flask along with 
a few drops of the appropriate acid-base indicator. Acid from the burette is added to the base 
until the indicator changes colour. This change of colour indicates the end point of titration. In 
the neutralization of a strong acid with a Strong base, phenolphthalein is used as an indicator. It 
imparts pink colour to the base solution. At the end point, solution just becomes colourless. The 
molarity of the acid solution under test is determined with the help of the following equation: 

M, V, /n, = M, V; /n; 
Where M, = Molarity of the base 
V, = Volume of the base taken in flask 
M, = Molarity of the acid 
V, = Volume of acid used from the burette 
n, 7 No.of moles of base 


n, = No. of moles of acid 
Knowing the five parameters, the sixth can be calculated. 


a Self Check Exercise 8.2 


In a titration it is found that 25 cm? of 0.42M NaOH is neutralized with 30cm? of HCI of 
unknown concentration. Calculate concentration and strength of HCI solution. : 


Solution: SS 
HCl, + NaOH, ==> NaCl, + H,O 
n, = 1 n= à 
HCI NaOH 
M, V, sM; V, 
n, E 
M, x 30 . 0.12 x 25 
1 1 
M, = 0.1M 


Thus Molarity of HC! solution is 0.1M. 
Strength of solution Molarity * Molar mass 
Strength of HCI solution 0.1 x 36.5 


3.65g dm ? 
Eu ll 


8.4.2 Strong and Weak Acids 
The extent of ionization and the acid dissociation constant Ka can be used to distinguish 
betw 


&en strong and weak acids. ^ e el n 
The strength of an acid is generally expressed in terms of the acid ionization constant, 


- Consider the case of ionization of a general acid HX in water. In this aqueous solution, the 


— 
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established equilibrium may be represented as follows: 
eX 
HX eq) t H,0,) HO a) d 
The equitum constant K for this ionization process may bi 
_ [HOX] 
[HX] [HO] 
[H.O1IX ] 
ps its concentration may be 
Since water is a solvent, it is present in excess and therefore if dus 
regarded as constant. Thus, K [H20] is another constant and is designate: a 1 


K hore x, = Rd 
Ka is termed as the acid dissociation constant. It is a measure of the extent to which an 
acid is ionized or dissociated at the equilibrium state. It must be kept in mind that the acid 
dissociation constant, Ka, is dependent on temperature. Therefore, the value of Ka should be 
mentioned along with the temperature at which Ka was determined: Dissociation constant, Ka, of 
acetic acid in water at 25°C is 1.8 x 105. The comparison of Ka Values of different acids provides 
a method to compare their strengths. 
"The greater the value of Ka, the stronger is the acid”. 
The value of Ka are usually inconvenient numbers, therefore, for convenience these 
values are converted to pKa values. The relationship between Ka and pKa is as follows: 
pK,- - log K, 
Since pKa refers to the negative logarithm of Ka, 


e written as follows: 


or K[HO]- 


smaller the value pKa stronger shall be 
ater Ka value. In table 8.2 are listed the 
acids in water at 25*C. Which acid is 


the acid because smaller pKe value corresponds to a gre; 
ionization constants and pKa values of Some common 
strongest acid? Which acid is weakest acid? 


à TOL |[10x109 ^ |409 
SOLON Tr 1.0 x 


i ni TS TENTE 
Hydrochloric acid BICI oe aes on 
Sulphuric acid = 
Hydrofluoric acid z 
Poe 
, Benzoic acid CsHsCOOH Te 
Aceticacid a 
Cc 
| CRICOOH 
CES CeHsOH 


a ITE 
Which acid is stronger HCl or HE? 3 
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Example 8.6 
Calculate concentration of H* ions of a solution that contains 
1.0M HF (Ka 7 7.2 x 10^) 


Solution: 
HF oq == Hy + Faa) 
Initial conc. 1.0M 0 0 
"Eq. conc. OSX x x 
(moles dm?) 
Ka = [H*][F] 
[HF] 
22> Oe a 
1.0-x 


Since x is very small as compared to 1.0, the term in the denominator can be 
approximated as follows: 


1.0-x = 1.0 
72x10^ = E 
x - ^ 0.268M 
[H'] = ^ 0.268M 


8.4.3 Strong and Weak Bases 
The strength of a base is the ability to accept a; proton from a solvent. Hydroxides of alkali 
metals such as sodium hydroxide and potassium hydroxide are strong bases and ionize 
completely in aqueous solution. 
NaOH (oq) ——9 Na'o) + (aa) 
KOH faq) —— K'tan + OF (oa) 


The OH’ ion thus formed isa Bronsted base because it can accept proton H' . 
OH +H —— H,O 

The ability of a base to.accept a proton from an acid, usually water, is termed as strength 
of the base. For a base By an equilibrium reaction with water can be represented by the following 
equation: 

B + H Oa) 4—3 BH" eq) + OH aq) 

The equilibrium constant K» is referred to base ionization constant and can be derived in 
the same way as Ka for acids. Thus: 
- [BH] [OH] 


š [B] 
Ko value will be large if degree of ionization of the base B is high i.e. if the base B is 


K, 


Strong. The Value of K» will be small for a weak base B. Again, for convenience, a parameter 


PK» has been devised to express K» value in convenient numbers. Thus, pK» is defined as the 
Negative logarithm of Ko. 
pK, = -logK, 
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Table 8.3: K»and pK»Values of Some Common Bases 


Diethlyamine (C2Hs)2 NH 9.6 x 10* 3.0 
Ethylamine CoHs NH2 5.6 x 104 3.25 
Methylamine CH; NH2 45 x10* 3.34 
Ammonia NH3 17 x 10° 4.76 
| Pyridine | CsHs N 56 x 10° 8.25 
Aniline CeHs NH2 4.3 x 10? 9.37 


According to these values ammonia is a stronger base than pyridine and aniline but 
weaker than methylamine and ethylamine. Also, diethyl amine is a strongest base among all 
those listed in the table. 


8.4.4 Relationship of Ka and Kp 
For a conjugate acid base pair an important relationship exists between Ka, the acid 
dissociation constant, and Ks, the base dissociation constant. This;is given by, 
Ka x Ky ^ Ky 
This relationship can be proved by considering the ionization of an acid HA and writing 
equation for its Ka 
HA (oq) = H qaa) + A ea) 
x = IAI 
à [HA] 
The equilibrium for the conjugate base.is 
A, + H2O p= HA aq) HOH (aa) 
k, = (HAL [OH] 
[A] 
Multiplying the expression for Ka and Kb. 
= [H1 [A], [HA] [OH] 
K,K = os x a 
^ — [HA] [A] 
Thus K,K, = [H*] [OH] = K, 
This result leads to an important conclusion that if the value of Ka i 
calculated since K, K, = K, pecan Ko can be 
log (K,K,) = log K,, 
log K, +log K, = log K,, 
On changing the signs from plus to minus in the above equation. 
(Hog K,)+(—og K, )=(—log K, ) 
Note that in terms of pKa and pK» the equation becomes; 
pK, + pK, =pK,, 
As pK, = 14 at 25°C 
pK, + pK, =14 at 25°C 
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Important Conclusions 
Since Ka. Kb = Kw 


Therefore; 
K 
Kew 
a K, 
K 
and K, = ra 


a 
Since Kw is constant at a given temperature, it may be deduced that Ka is inversely 
proportional to Ko. Thus, stronger the acid, weaker is its conjugate base. It can also be said 
that stronger a base, weaker is its conjugate acid. For example, ammonia is a weaker base 
(pKe- + 4.76) than diethylamine (pK, = 3.02) therefore the conjugate acid of ammonia is 
stronger acid than the conjugate acid of diethylamine. Similarly, the conjugate base of a weak 
acid, water (pk, =+ 6.00) is a stronger base than the conjugate. base of stronger acid, 
hydrochloric acid (pK, =-7.00)- Thus, hydroxide ion (OH) is-a stronger base than the 
chloride ion (CI-). 
Example 8.7 
The pKa of acetic acid at 25°C is + 4.76. Calculate the pK» of the conjugate base of acetic 
acid. 
Solution: 
pK,+pK,= 14.00 
pK, of acetic acid is given as + 4.76 
4.76 +pK,= 14 or pKj- 9.24 
Example 8.8 
The pK» of pyridine at 25°C is 8.25. Calculate the pKa of the conjugate acid of pyridine. 


Solution: 
pK,+pK, = 14:00 
pK, of pyridine = + 8.25 
therefore pK, +8.25 = + 14.00 
andpK, = + 14.00 —8.25 
=+5.75 
8.5 LEWIS CONCEPT OF ACID AND BASE 
G.N Lewis, in 1932, put forward his acid-base theory on the basis of electron pair. 
According to Lewis definition, a base is a substance that donates a pair of electrons, and 


an acid is a substance which can accept a pair of electrons. — í 
For example, the hydroxide ion (OH) is a Lewis base because it donates a pair of electron 


and the proton (H*) is a Lewis acid-since it accepts a pair of electrons. 


"y 
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The significance of the Lewis acid-base concept is that it is much more general than other 
concepts. It may include such acid-base reactions which are not covered by the Bronsted- 
Lowery theory. One such example is the reaction between ammonia and boron trifluoride (BF3) 
illustrated by the following equation: 


H F H F 

| eecal ls+  l&- 
H— N: + B—F >H js -B—RF 

iF H F 


The vacant, unhybridized 2p orbital of boron atom in boron trifluoride accepts the electron 
pair from ammonia. Thus, in this reaction ammonia is a Lewis-base and boron trifluoride is a 
Lewis acid although no proton transfer is observed here. 

In Table 8.4 some common Lewis acids and bases are listed. A careful look at this table 
reveals that Lewis acids have the ability to accept electron pair whereas the Lewis bases are 
capable of donating electron pair. 

Table 8.4: Some common Lewis Acids and/-Bases 


Lewis Acids 


Lewis Bases 


Proton 
Boron trifluoride M 


Aluminium chloride 


[Silver cation 


8.6 BUFFER SOLUTIONS AND THEIR APPLICATIONS 


A buffer solution is a solution, the pH of which does 
amount of acid or base is added to it. Such a solution has 
on keeping it constant for a long time. 

Types of buffer solutions 

A buffer solution can be made in two ways: 

(1) By mixing a weak acid and a salt of it with a strong base. Such solutions give acidic 

buffers with pH less than 7. e.g. CH,COOH + CH,COONa. ; 

(2) By mixing a weak base and a salt of it with a Strong acid. Such solutions will give 

basic buffers with pH more than 7. e.g. NH4OH + NH4CI. 


not change significantly when a small 
a constant pH which does not change 
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Buffer Action: 
Let us take a buffer solution of CHXCOOH and CH3COONa. Common ion effect 
helps us to understand how will buffer work. CHXCOOH being a weak electrolyte 
undergoes very little dissociation. When CH3COONa, a strong electrolyte is added 
to CHsCOOH solution, the dissociation of CH3COOH is suppressed due to common 
ion effect of CHSCOO-. 
CH,COOH, + H,O, =— CH,COO.,. + HO", 
CH,COONa, ==> CH,COO. + Na’ a 


(i) Suppose we add a few drops of HC! to it. Its H'ions are used up by CH,COO'. 
Thus the addition of HCI will not change the pH of the buffer solution. 
CH,COOH, —20Hc00. SER 


HCl, —> H' 


) 


(aq) * [2 (09) 
__GH,COO™ (aq) + H* (ag) = CHCOOH (aq) 
(ii) In the same buffer solution, if a strong base is added it isneutralised by the acid. 


CH,COOH, ——CH,COO, +H" 
NaOH ,,, Ne) an (Ono 
LIONE —UHO 


(ag) 
Thus the addition of NaOH will not change value of pH. 

Calculation of pH of Buffer Solution 

The concentration of conjugate base in the reaction mixture is predominately supplied by 
the salt which is a strong electrolyte. Therefore; assuming the concentration of conjugate base 
equal to that of salt and original concentration of acid as equilibrium concentrations, pH of a 
buffer can be calculated. ’ 

The following example explains.the calculations associated with buffer solutions. 
Example 8.9 à 

(a) Calculate the pH of.amacetic acid-sodium acetate buffer solution containing 1.0 moles 


of each component: T 
(b) What will be the pH of this solution after addition of 0.01 mole of hydrochloric acid to 
1dm? volume? Assume that the volume of solution remains unchanged on addition of 


hydrochloric acid. (Ka for acetic acid is 1.8 x 10°). 
Solution 
(a) The pH of the buffer solutions can be calculated by assuming the equilibrium 
concentration of both the acid and its conjugate base as starting concentration. 
Thus [CH3CO2H] = 1.0M [CH3COO] = 1.0M 
For acetic acid dissociation; 


- [CH.COOIIH'] —. 5. igs 


K= [CH,CO,H] 
s [1.0][H] 
18x10 Runs 


Thus, the pH of buffer solution is 4.745. 
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(b) After HCI addition: . E 
> n * e (aq) 


HCI (aq) (aq) 
0.01 mole 0.01 mole 0.01 mole 


Initially, there were 1.0 mole of CHs3COOH and 1.0 mole of CH,COO™ present per dm? of 
the solution. After addition of hydrochloric acid 0.01 mole of CH,COO ions are combined with the 
H* ions formed from dissociation of 0.01 mole of added hydrochloric acid. This can be written as. 

CH,COO aq) + H4, —> CH,CO,;H ao) 
0.01 mole — 0.01 mole 0.01 mole 


Thus, the numbers of moles of acetic acid and acetate ions, after addition of hydrochloric 
acid are: 


CH,CO,H = (1.00.01) mole = 1.01mole 

CH,COO' = (1.0-0.01) mole = 0.99mole 
The equilibrium equation for this new situation can be written 
res [CH,COO ][H'] 


o  [H]s — 5-29 2H] 


pH =-log (1.8310) 
= 4.736 


Notice there is a slight change in pH from 4.745 to 4.736 that is only a difference of 0.009. 
Thus a buffer does a very good job in limiting the change in pH to a very small amount. 


pH of a buffer can also be calculated by using Henderson's- Hasselbalch equation. 


For Acidic Buffers pH.S^pk. + log [Salt] 
PK, + log [acid] 
For Basic Buffers POH = pk, + log [salt] 
PR, O9 ibase] 
Example 8.10 


What is the pH of buffer if conce 
1.0 M. pK, for CH,COOH is 4.76? 
Solution: 
Concentration of CH,COOH =0.1M 
Concentration of CH,COONa- 1.0 M 
The formula to determine pH value is 
pH = PK, + log [salt] (1e.CH,COONa) 
[acid](ie.CH, COOH) 
pH = 4.76 «log since 1:9 _10 


ntration of CH.COOH is 0.1 M and CH,COONa is 


01. 1 
pH = 4.76 *log 10 | = 
PH = 476 +100. (28109 10= 1) 
pH = 5.76 
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Fil Self Check Exercise 8.4 


Calculate the pH of a buffer solution in which 0.11 Molar CHsCOONa and 0.09 Molar 
CH3COOH solutions are present. 
Ka for CHaCOOH is 1.8x10:5 (Ans: 4.83) 


Important facts 

Some important facts about buffer solutions are as follows: 

1. Buffer solution can be prepared by combining, in aqueous solution, a weak acid and 
its salt with strong base or a weak base and its salt with strong acid. 

2. A buffer solution resists change in its pH even if a small amount of strong acid or a 
base is added to it. 

3. A buffer solution maintains the stability of its pH by shifting their equilibrium to consume 
added H* ion or to replace H30* ions which have reacted withthe added OH ions. 

4. An aqueous solution of a strong acid and its conjugate base (as its soluble salt) can 
not act as a buffer solution. Since the strong acid is completely ionized already, addition 
of small amount of base (OH: ions) will consumesthe H,O' ions which can not be 
replaced and the pH of the solution will.change:.If a small amount of strong acid is 
added to this solution, the equilibrium will not.shift to the left because the acid already 
present is a strong acid. Also a solution of strong base and its conjugate acid do not 
form a buffer solution due to similar reasons. 

5. Some common examples of buffers are acetic acid / sodium acetate buffer, phosphoric 
acid/potassium dihydrogen phosphate buffer and formic acid / sodium formate buffer. 


Applications of buffer solutions n 
(1) Buffer solutions play an important role in several industrial processes. For example, 
they are used in the manufacture of photographic materials, leather and dyes 


(2) They are also used in the process of electroplating and analytical procedures. 

(3) The buffer solutions are also used for calibration of pH meters. 

(4) In nature, many biological systems depends upon buffer action to preserve a 
constant pH 


(5) Buffers are used to maintain the pH of culture media for the growth of bacteria in 


bacteriological applications. 
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8.7 SALT HYDROLYSIS 


Consider the following observations: 

(i) Aqueous solution of NH4CI turns blue litmus red. 

(ii) ^ Aqueous solution of K2COs turns red litmus blue. 

(il) ^ Aqueous solution of NaCl has no action on litmus solutions. : 

These observations can be explained on the basis of Bronsted-Lowry acid-base theory, 
When a salt (MX) is dissolved in water, it splits up into its M* and X- ions. These ions may react 
with water and give following reactions: 


M' +H - OH; == MOH a, + H'ag 


X (aq) +H- OF) = HX (aq) + OH (aq) 

Since H* and OH: ions are produced in these reactions, the solution of the salt may be 
acidic or basic. In salts anions are derived from acids and cations from bases. The anions of 
weak acids are strong conjugate bases. Such anions react with water producing basic solutions 

For example: CH,COO", CN", HCO”, CO?, etc. 


CH,COO ., * H- OH, —2CH,COOH (aq) + OH) 
CN (aq) +H - OH) = HON, + OH (ag) 
-2 TN i 
CO; (e * 2H- OH — HCO, m + 20H) 
1 ei e z 
HCO; S +H- S HOH aq) 
Anions likeCr, NO;, SO;, are so weak conjugate bases 
that, they do not react with water. Cations of weak bases 
are strong conjugate acids. Such cations react with water 
producing acidic solutions. 
For example: Cu’, AI?, NHj, etc. 
Cu” a + 2H - OH, —23Cu(0H),,, + 2H; 
NH faq) + H - OH, —À  NHOH + Hay 


Cations like Na*,K*, Ca^, Mg*, etc. are so weak conjugate acids that they do not 
react with water. 


These reactions are called hydrolysis reactions. “The reaction of cations and anions 
of salts with water is called hydrolysis." 
Hydrolysis is different from hydration. In hydrolysis H — OH bond is broken whereas in 
hydration water molecule adds up to a substance without bond breakage. 
There are four types of salts on the basis of their reactivity with water: 
1. Salts of strong acids and strong bases do not hydrolyse (pH = 7). 
Examples: NaCl, Na,SO,, KNO, etc. 
2. Salts of weak acids and strong base: i i i 
Examples: CH,COONa, NaCN, Ner eens en. 


3. Salts of strong acids and weak bases hydrol 
Examples: CuSO4, NH4CI, NH4NOs etc. 


DO YOU KNOW 
Hydrolysis is an important process in 
plants and animals. In living systems, 
most, biological reactions including ATP 
hydrolysis, take place during the 
catalysis of enzymes. The catalytic 
action of enzymes allows the hydrolysis 
of fats, proteins and carbohydrates. 


yse producing acidic solutions (pH « 7). 
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4. Salts of weak acids and weak bases hydrolyse, but the resulting solution is either 
neutral, acidic or basic. This depends upon the relative values of Ka and Ke of cations 
and anions of the salt. 
The important aspects of the salt hydrolysis, discussed above, are summarised in Table 8.5. 


Table 8.5 


t Salt Type Common 'Ons which : 
Example impart Solution pH (Nature) 
ample : 
Hydrolysis 
None = 7.0 (Neutral) ^ 
Cations « 7.0 (Acidic) 
m Im 
KCO; | Anions | > 7.0 (Basic) 
Weak NH«CN, | Anions & | Maybe equal, smaller 
[eak | NHNO2 | Cations | or greater than 7.0 


8.7.1 The Levelling Effect 

Strong acids like perchloric acid, hydrochloric acid, nitric'acid and sulphuric acid in water 
appear to be of equal strength. Thus, water as a base, is unable to differentiate among the 
relative acidic strength of acids stronger than hydroxonium ion. The inability of any solvent to 
differentiate among the relative strength of all-acids is termed as the levelling effect. 
Because the solvent levels the strength of all the’acids, making them appear identical. 

The levelling effect of water can be compensated for, if a more weakly basic solvent like 
acetic acid is employed in place of water. Since acetic acid is a much weaker base than water, 
itis not easily protonated. Thus, appreciable differences in proton donation of acids are observed 
in acetic acid (solvent). 

The relative acid strength is HI=HCIO, > HBr > HCl > H,SO, > HNO, 

It may be pointed out that all these acids are of identical strength in water (solvent) due 
to the levelling effect. 

eg. HCl *Hj0 — H,O° + Cl 

HEU o ROH 

HBr +H,O —— H,O° + Br 
H,SO, + HO —> H,O' + HSO; 
HNO, + H,O —— H;O' + NO; 

Hydroxonium ion (H3O*), which is acidic in nature, is formed in each case. The equal 
behaviour of such ions formed, levels the strength of the acid. 


References for additional information 
= Michell J. Sienko and Robert A. Plane, Chemistry. 
* John W. Hill & Synthia S. Hill, R. D., Chemistry for changing times. 
* James N. Lowe, Chemistry, Industry and Environment. s 
* George M. Bodner and Harry L. Pardue, Chemistry an Experimental Science. 
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Exercise 


Encircle the correct answer in each case: 


vi. 


vii. 


xiii. 


xiv. 


Water cannot act as; 


(a) Lewis acid (b) Lewisbase (c) Bronsted acid (d) Bronsted base 
H of 0.01M HCI solution is: 

(a) 10? (b) 10% (c) 2.0 (d) 1.0 

An aqueous solution of ammonium chloride is; . 

(a) Basic (b) Acidic (c) Neutral (d) Amphoteric 

An aqueous solution of which compound is basic? 

(a) Ammonium nitrate (b) Calcium chloride 

(c) Ammonium acetate (d) Potassium carbonate 


Which statement about acids is NOT correct? An acid; 
(a) Contains hydrogen ions in solution. (b) Always contains oxygen. 


(c) Has a pH of less than 7. (d) Gives off carbon dioxide from a carbonate. 
If a liquid has a pH of 7; 

(a) It must be colourless. (b) It has boiling point of 100°C. . 

(c) It must be a solution. (d) Itmust be neutral. 


When air is bubbled through pure water, the pH is lowered from 7.0 to 5.6, which gas 
in the air is responsible for this change? 


(a) Argon (b) Carbon dioxide (c) Nitrogen (d) Oxygen. 

. Which of the following oxides is classified incorrectly? 
(a) Zinc oxide (ZnO) amphoteric (b) Carbon dioxide (CO?) ^ acidic 
(c) Carbon monoxide neutral (d) Aluminium oxide (Al,O,) basic 


If 25cm? of 1 mol.dm? nitric acid is added to 50cm? of 0.5 potassium hydroxide 
solution, what would be the pH of the resulting solution? 


(a) 5 ; (b) 7 (c) 9 (d) 14 
If dry citric acid crystals are placed on dry litmus paper they will; 
(a) turn yellow a(b} turn green (c) turn red (d) remains unchanged 


A base is a substance which will neutralize an acid, which of these substances is not a base? 


(a) Aqueous ammonia (b) Copper oxide (c) Potassium chlori i 
UR iie oride (d) Sodium carbonate 


(a) Is always partially ionized when in solution. 
(b) Is always fully ionized when in solution. 
(c) Always decomposes carbonates. 
(d) Always contains oxygen. 
Which one of the following oxides dissolves in water to form acidic solution? 
Wu MgO (b) Na,O (c) SO, (d) SiO 
en crystals of copper sulphate i 
Theis ty p are heated, the colour changes from blue to white. 


(a) Loss of water only (b) Loss of water and SO,. 


(c) Reaction with CO, in the air.(d) Loss of water, Sulphur dioxide and oxygen 
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xv. The oxide of a metal was found to react with HCI and aqueous NaOH solution. Which 
of the following is the best description of the oxide? 


(a) Acidic a (b) Amphoteric (c) Basic (d) Neutral 
2 (i) What are acidic, basic and amphoteric substances? Give one example of each 
substance. 


(ii) What is Bronsted - Lowry acid-base theory? Give examples. 
(iii) What are conjugate acid-base pairs? Explain with examples. 
[ (iv) Define Lewis acid and Lewis bases. Give one example in each case. 
(v) Classify each of the following as Bronsted acid or Bronsted base. 
(i) HCO;' (ii) HBr (iii) CH,COO" 
(vi) Explain gastric acidity and use of anti-acid drug. 
(vii) Write briefly about the ionisation of water. 
(viii) Define pH what are the values of pH for acidic, basic and neutral solutions. 
(ix) What are Ka and pKa? 
(x) What are Ky and pK»? 
(xi) What is the relationship between K, and K,? 
(xii) Give two examples of a buffer solution. : 
3 Elaborate the ionization equation of water. How doesiit lead to the ion-product constant of 


water? 
4 What are buffer solutions? Elaborate with suitable examples, their significance in acid- 


base reactions. Write three common applications of buffer solutions. 
5 Write detailed notes on each of the followings: 
(8) Conjugate acid base pairs (b) pK, (c) pK, 
6 What is hydrolysis? Discuss in detail; the behaviour of each of the following salts in their 


aqueous solutions. E 
(a) KaCOs (b) NH4CI (c) NaNOs 


7 (a) Calculate the pH of formic acid-sodium formate buffer solution containing 1.0 mole of 


each component. (Ans: 3.7447) 
(b) What will be the pH of the solution after addition of 0.10 mole of hydrochloric acid to 1.00 dm? 


volume of the, buffer solution in part (a) Assume that the volume of solution remains 
unchanged on addition of hydrochloric acid (K, for formic acid is 1.8 x 104) (Ans: 3.6997) 


8 (a) Calculate the H* ion concentration of an aqueous solution having pH 10.6. . 
(Ans: 2.5 x 10-11 moles/dm?) 


(b) An aqueous solution contain 1.0 x 10° moles/dm? of hydronium ions. Calculate the pOH 


of this solution (Ans: 5.0) 
3 (a) What is acid dissociation constant? How is it related to pK, ? Write equation to elaborate. 


(b) Define and briefly describe the levelling effect of water in acid-base reactions. 
10 What is hydrolysis? Write the equations of hydrolysis equilibrium for each of the followings: 


(i) K* (ii) NH; (iii) CN" 
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After completing lesson, you will be This is 8 days lesson 
able to (period including homework) 


Define chemical kinetics. 
* Explain and use the terms rate of reaction, rate equation, order of reaction, rate constant and rate determining steps, 
* Explain what is meant by the terms activation energy and activated complex. 

e Define terms catalyst, catalysis, homogeneous catalysis and heterogeneous catalysis. 

* Describe enzymes as biological catalysts. qu 

e Explain qualitatively factors affecting rate of reaction. S 3 

e Give the order with respect to each reactant; write the rate law focii nthe reaction. 

e Relate the ideas of activation energy and the activated complexi to the rate of reaction. 


e Use the collision theory to explain how the rate of a cherhical reaction is influenced by the temperature, 
concentration, size of molecules and surface area. 


e Given a potential energy diagram for a reaction, di cuss the reaction mechanism for the reaction. 


* Explain effects of concentration, temperature a lace area on reaction rates. 
e Explain the significance of the rate-determinii p on the overall rate of a multi-step reaction. 
* Describe the role of the rate constant in eoretical determination of reaction rate. 


* Describe that increase in collision enei y increasing the temperature can improve the collision frequency. 
e Explain that a catalyst provides a ion pathway that has low activation energy. 
e Explain why powdered zinc react faster. 

AN 


INTRODUCTION 


Chemical reactions are dynamic processes in which matter and energy change 
continuously. Chemical reactions occur at a variety of rates from very rapid to very slow. For 
example, fermentation is a slow reaction, which may require several weeks to produce enough 
products. Is digestion a slow reaction? On the other hand acid-base neutralization reactions are 
completed in microseconds. Some reactions proceed at moderate speed. For example, the 
reactions that contract muscles and transmit impulses along nerves and record photographic 
images. In industry it is important to know the conditions under which the reaction will proceed 
most economically. 

"The study of rates of chemical reactions, mechanisms and the factors that affect 
the rates of chemical reactions is known as kinetics or chemical kinetics". 

Rate information is the most important kind of information used in the deduction of 
mechanism of a chemical reaction. Mechanism means sequence of all chemical steps which 
lead reactants to products. 


MDCATBYFUTUREDOC ORS(TOUSEEFAHMADKHAN) 034998: 15886 


‘canner 


. Chemical Kinetcis 
_ — -: CES 
9.1 RATES OF REACTIONS 
The rate of reaction is the change in concentration of reactants or products per unit 


time. 
Mathematically, 


Rate- Change in concentration of a substance 
Time taken for change 
The concentration of reactants decreases and concentration of products increases with the 
passage of time. Therefore, rate of a reaction 
can also be defined as the decrease in 
concentration of reactants per unit time or 
the increase in concentration of products 
per unit time. The unit of concentration is 
mole dm? and time is second, so unit of reaction 
rate is mole dm ~? s- !. 
The change in concentration of reactants 
and products can be represented graphically 
(Fig. 9.1), for the general reaction 


A—B Y ; = 
Figure 9:1: Change in concentration of reactants and 

The slope of the graph for both, the products with passage of time. What does the slope 
reactants and products is steeper in the. ehocch steph show? 
beginning than at the later stages. This ‘indicates the rapid decrease or. increase in 
concentration of reactant or product respectively. As the reaction proceeds, the slope 
becomes less steep showing decrease in rate of reaction. Finally the graph becomes 
horizontal and the reaction stops. Thus the rate of reaction is never uniform. 
Concentration of reactants continuously decreases while those of products increases 
with the passage of time. Therefore, the rate of reaction also decreases continuously. 

Thus the rate measured for a time interval is only the average rate for that interval. 
"The rate of reaction between two specific time intervals is called the average rate of 
reaction. The average rate of reaction over any time interval can be determined from the 
difference in concentration divided by the difference between the measurement times. The 
rate of reaction at a particular instant of time is called instantaneous rate of reaction. It 
is determined from the slope of tangent to the curve at that time. The average rate and the 
instantaneous rate are equal for only one instant in any time interval. In the beginning of 
the time intervals, the instantaneous rate is higher than the average rate. At the end of the 
interval, the instantaneous rate is lower than the average rate. As the time interval becomes 
Smaller, average rate becomes close to the instantaneous rate. The average rate will be 
the same as instantaneous rate when the time interval approaches zero. Thus “The rate of 
leaction is defined as the instantaneous change in concentration of a reactant or 
Product at a given time". 


A molecules 


B molecules 


Concentration 


0 10 20 30 40 50 60 
t() 


im 
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If dx is very small change in concentration of a product in a very small time interval dt, the 
rate of reaction is expressed as 
Rate of reaction = dx / dt 
Consider a general reaction 
A —— B 


The rate of reaction can be expressed in term of the rate of disappearance of reactant A or 
the rate of appearance of product B. 


ee ceci 
dt dt 
e. TB 
dt dt 


Where d [A] and d [B] are the changes in the concentration of A and B respectively. The 
negative sign indicates a decrease in the concentration of the reactant A. whereas the positive 
sign indicates the increase in the concentration of product B... 


9.1.1 Determination of Initial Rates 


To study the effect of reactant concentration on réaction rate, one way is to determine how 
the initial rate depends on the initial concentration; This is because as the reaction proceeds, 
the concentration of reactants decreases and it may become difficult to measure the changes 
accurately. At the same time, there may be a reverse reaction which would introduce error in the 
rate measurement. Both these complications are virtually absent during the early stages of a 
reaction. 

"Initial rate is the instantaneous rate at 
the moment the reactants are mixed (i.e. at 
t = 0)". Under these conditions concentration 
oí product is negligible. The initial rate is 
measured by determining the slope of line 
tangent to the curve at zero time. This method 
can be understood by plotting a graph between 
lime on x-axis and concentration on y-axis. 
Draw tangent to the curve through the point at 
Which t = 0 and determine the slope of the line. 
Slope is equal to initial rate (see figure 9.2) Figure 9.2 : A Plot of concentration versus time showing 

dx tangent to the curve when t=0 for the reaction 


Concentration (M) 


60 
76.67x10?mole dm*.s* 
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Self Check Exercise 9.1 


Ethyl lodide decomposes at a certain temperature as follows 
CH —9 CH Hau Hl 
From the following data determine the initial rate of decomposition: 


-=O 
30. ]. 825 
QS espe 
75 | 0.13 


9.1.2 Rate Law 


In section 9.1 we discussed that the Rate of reaction is defined as the instantaneous 
change in concentration of a reactant or product at a given time. Experimental studies on 
reaction rates show that the rate of a chemical reaction is proportional to the molar concentration 
of reactants each raised to a power, the value of which is determined experimentally. Thus for a 
general reaction: 

A — Product 
Rate oc [A]* 
Rate = k [A]* 

Where k is proportionality constant and'is known as rate constant and the expression as 
rate law or rate equation. The exponent x in the rate equation is called order of reaction with 
respect to reactant A (for orders of reaction see section 9.1.3). 

When [A] 1 M 

Rate = k $ 

Thus, the rate constant may. be defined as the rate of reaction when molar 
concentration of each of the reactant is unity. Rate constant provides a link between 
Concentration and the rate of reaction. Every reaction has its own characteristic rate constant 
independent of concentration and time. However, value of rate constant changes with 
temperature. (For details see section 9.1.5). 


9.1.3 Order of Reaction and Rate Equation 


Order of reaction may be defined as the number of molecules of reactants 


Participating in rate determining step. : 
Consider a general reaction between a moles of A and b moles of B to give c moles C and 
d moles of D, 


aA + bB->cC + dD 
The rate equation can be written as 

Rate « [AT [B] 

Rate =k [AT [B]" 
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The exponent ‘x’ is the order of reaction with Lease E e — i ne 
i i ies 'B' e reacti lect of 
order of reaction with respect to species 'B'. eer (0) i 
concentration on the rate of reaction. the sum ‘x+y’ is called the overall order of the reaction o 
simply order of the reaction. 
"Order of reaction may be defined as the sum of all the exponents to which 
the molar concentration terms in the rate equation are raised”. , 
x and y may or may not be same as a and b respectively. The order of a reaction for 
a particular species cannot be predicted by looking at the balanced chemical equation, it 
can be determined only by experiment. 
For example for the reaction 
2NO, + O, ——> N,O, + O, 
Experimental studies show that the rate — k [NO,] [O.] 
Notice that the order with respect to NO, is one whereas the stoichiometric coefficient is two. 


"An expression which shows how the reaction rate is.related to the concentration of 


reactants is called the rate law or rate equation." Therefore, rate law or rate equation for the 
above reaction is, 


Rate =k [NO,] [O,] 


Order of reaction may be a whole number, zero or a fra 
mechanism of a reaction. 


Types of order of reactions 
a) Zero order reaction 


A reaction that is independent of the concentra 


i tion of reactant molecules is 
called zero order reaction. An example is the decomposition of ammonia on heated 
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ction. It helps in determining the 


tungsten. 
2NH4,, — Nagi 3H, 
Rate = k [NK] 


The concentration of ammonia decreases a 
combination of H, and Cl, in presence of sun 
reactions catalyzed by enzy 

b)  Firstorder reactions. 


ta steady rate until it reaches zero. The 


light is also a zero order reaction. The 
mes also follow zero order kinetics. 


Rate o [A] 
Thermal decomposition of NO, 
2N,0; (g) ——> 2N,O + O 
Rate =k [N.O,] 


2(9) 


=. RGA ud 
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ii) Decomposition of ammonium nitrite in aqueous solution. 
NH,NO, ——> N, + 2H,O 
Rate = k [NH,NO,] 
c) Second order reactions 


A reaction for which sum of exponents of rate equation is two is called second order 
reaction. 


Rate « [AT or  Rate« [A] [B] 
i) Decomposition of nitrogen dioxide. 
2NO,,, —— 2NO + O. 
Rate = k [NO] 
l) NO) + O4; — NO,» o 
Rate = k [NO] [0,] 
Order of reaction = 1 + 1=2 
i) 2No, @) + Os @)— NO; ig, + O, 
Rate = k [NO,] [0,] 


(g) (9) 


2 (9) 


(9) 


d) Third order reactions 
A reaction for which sum of exponents of rate equation is three is is called third 
order reaction. 


Rate œ [A] or Rate « [A] [B] or Rate « [^] [B] [c] 

i) The oxidation of NO by O, is an example of a third order reaction. 
2NO,, + Ojo ——92NO; 
Rate = k [NO]? [O7] 

l)  2FeCh,, + Kla — 55 2Febu, + 6KClu, + lar) 


(aq) 


Rate = k [FeC][KI 


e) Fractional order réactions 
A reaction for which sum of exponents of rate equation is in fraction is called 
fractional order reaction. 
i) The reaction between H, and Br, to produce HBr is half order in Br, and first 


order in H,. 
Hag) + Br, () ——— 2H Br 
Rate = k [H,] [Br,]“ 
Order of reaction is 1 + 0.5 = 1.5 
Hl) CHCl, + Clay —— CClayy + HCl 


Rate = k [CHCI,] [Cl,]” 
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f) Pseudo First order reaction 


A bimolecular reaction for which solvent is in excess and its contcentration remains 
constant and does not take part in rate determining step is called Pseudo First Order 
reaction. 


(€H,),C -Br +H,O exces) —— (CH, ); C - OH, +HBr, 
Rate = k[(CH,), C -Br | 


Self Check Exercise 9.2 


The following reaction is first order in H, and second order in NO. Write rate law for this reaction. 
2H, + 2NO——5 N, + 2H,O 


9.1.4 Determination of Reaction Order and Rate Law 


The effect of change in concentration of 
reactants on reaction rates cannot be 
deduced from a chemical equation. It can 
only be determined experimentally by 
determining the order of chemical reaction. 
For this purpose the method of initial rates 
is an easier way to find the value of the order 
of reaction. In this method an experiment.is 
designed in which the concentration of one 
reactant is changed while everything else is ee Pec oes nls decay obeys first order 
kept constant. The concentration ofohe of the netics. The half-life of this decay is 5.75 x 10° years. 
reactants is changed systematically and the initial rate of reaction on every change is 
determined. This method can be understood by the following example: 


Example 9.1 


Jet engines release Nitrogen (Il) oxide in the upper atmosphere. In the ozone layer of uppe" 
atmosphere Nitrogen (II) oxide reacts with ozone to form nitrogen (IV) oxide and oxygen. 


NO, + O4, ——NO» + Oo 


Important Information 

Cosmic rays of high penetrating power constantly 
bombard éarth's atmosphere. These rays consist of 
electrons, neutrons and atomic nuclei. One of the 
important reactions between these rays and the 
al phere is the capture of neutrons by the 
ospheric nitrogen, (N14) to produce radioactive C'^ 

| isotope and hydrogen. C'^ forms carbon dioxide, CO» 
which mixes with the ordinary carbon dioxide in the air. 
As the C" isotope decays, it emits B-rays. The rate of 
its decay is measured by the number of electrons 


The following data was obtained for this reaction at 25° C. 


Experiment Initial [NO] Initial [Os] Initial rate (moles dms ) 
1 1.00x10:$ 9.00x10:5 1.98x10^ | 
2 2.00x10£ 9.00x105 3.96x104 
3 4.00x10° 3.00x105 6.60x105 J 


Use this data to determine the rate law for the reaction. 
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Solution: 

To determine the order of reaction with respect to a reactant, examine the relationship 
between its initial concentration and the rate of reaction while holding the concentration of the 
other reactant constant. 

In experiments 1 and 2 initial concentration of ozone is kept constant at 

9.00x10® M while the concentration of NO is doubled from 1.00x105 M to 2.00x10 M; the 


initial rate increases from 1.98x10**to 3.96x10 moles dm"s-'. The ratio between these two rates 
is 


1.98x10^ :3.96x10* 


1.98x10* |. 3.96x10* 
1.98x10* ` 1.98x104 
lest) 
Thus the initial rate doubles. This means the rate of reaction is directly proportional to the 
first power of concentration of NO. 
Rate oc [NO] 
In experiments 1 and 3 initial concentration of NO is kept constant at 1.00x10% and 
concentration of ozone is decreased to one third i.e. from 9.00x10:9 to 3.00x109M, the initial rate 
decreases from 1.98x10~ to 6.60x10 moles dm? s', the ratio between these rates is 


1.98x10* :6.60x10* 


1.98x10* . 6.60x10° 


1.98x10^ '1:98x10* 
4: 4 
3 
Thus, the rate of reaction also decreases one third. This means the rate of reaction is 
directly proportional to the first power.of concentration of Os. , 


Rate oc [Os] 
Thus, the rate law for the reaction is 
Rate oc [NO] [O3] 1 
Hence this reaction is asecond order reaction. 
Example 9.2 s l 
The following reaction is first order in H and half order in Bre write rate law for the reaction 
H2+ Bra ———— 2HBr 


Solution: 

Given information indicates that 
Rate oc [H2] —— (i) 
RERS eel a (i) 


Combining (i) and (ii) we get the rate law for the reaction 
Rate oc [H2] [Br2]"2 
Rate = k [H2] [Brz]'? 


MDCATBYFUTUREDOCTORS(TOUSEEFAHMADKHAN) 03499815886 


W 
| 3^ 9. Chemical Ki 


inetcis 


Self Check Exercise 9.3 


Phosgene is a toxic gas. It has been used in World War Il. This gas is prepared by the Teaction 


iU 
of carbon monoxide with chlorine. 
CO, + Cl... > COCI 


2(9) 
The following data were obtained for kinetic study of this reaction. 


Experiments Initial [CO] Initial [Cl2] 
ERE a 11000 0005. 
= 
RR ES Ea TO 


Write rate law for this reaction. 


Initial rate (moles dm? s+) 
1.29x109 
1.30x10°° 
1.30x10%° ‘|| 


2. The following reaction is second order in NO: and is independent of the concentration of CO. Write 
rate law for the reaction. What is the overall order of the reaction? 
NO, + CO— > NO+CO, 


> 


9.1.5 Factors Affecting Rate of Reactions 


All the factors, which change the number of effective collisions per second, affect the rate 
of a chemical reaction. Some of the important factors are as follows. 


1) Nature of Reactants 


The chemical reactivity of elements is based on their electronic configurations. Alkali 
metals have one electron in their outer most s orbital. They are highly electropositive; react with 
water violently as compared to alkaline earth'metals. Alkaline earth metals have two electrons 
in their outermost s-orbital and are less electropositive than alkali metals. 

Reactants having ionic bonds undergo faster reactions than those having covalent bonds. 
This is because ionic reactions involve the combination of opposite ions, without involving 
rearrangement of electronic cloud. Whereas, the reaction between covalent molecules involves 
electronic redistribution and proceed slowly. 


2) Concentration of Reactants 

Higher concentration of acid rain corrodes marble faster than lower concentration, why? 
Two antacid tablets neutralize indigestion faster than one tablet, why? 

The rate of a chemical reaction depends upon the reacting molecules. The frequency with 
which the molecules collide depend upon their concentration. This fact is expressed by the law of 
Mass Action, (Section 7.1.1). It states that the rate of chemical reaction is proportional to the 
product of molar concentration of the reactants. Hence, the higher the concentration, the greater 
the rate of reaction. For example, a mixture of H, and Cl; will react twice as fast if the partial pressure 
of Hz or Cl; is doubled in the presence of excess of the other component. Combustion occurs more 
rapidly in pure oxygen than in air (2196 oxygen). Similarly, limestone (CaCO,) reacts at different 
rates with different concentrations of HCI. Quantitatively the effect of Concentration on reaction rate 
is expressed by order of the reaction with respect to each reactant. (See section 9.1.4) 

3) Surface Area: 


The basic concept of collision theory (described in section 9.2) is that reactant particles, 
atoms, ions and molecules must collide with each other in order to react. The rate of a reaction 
increases with increasing surface area of reactants. This is because increased surface area of 


" 
MDCATBYFUTUREDOCTORS(TOUSEEFAHMADKHAN) 0349981588 6 


‘canner 


9. Chemical Kinetcis EE 


reactants increases the possibilities of contacts between their particles. Finely divided solid, 
therefore react more rapidly than its big pieces. For example powdered zinc reacts more rapidly 
with dil HCI than a large piece of zinc. 

ZN.) + 2HC\.,.) —> ZnCl...) +E) 


The reason is that powdered zinc exposes a greater surface area to collide with HCI 
molecules. This increases the number of collisions between the reacting particles, since rate of 
a chemical reaction depends upon the collision among the reacting molecules. Thus increase in 
number of collisions increases the reaction rate. Hence powdered zinc reacts faster. 

For the same reason aluminium foil reacts with NaOH moderately on warming, but 
powdered aluminium reacts rapidly with cold NaOH. 


2Al + 2NaOH,,,, * 6H,O,, — 2Na[A (OH), | +3H 


aq) 2(9) 


4) Temperature 

Reaction rates generally increase with the increase in temperature. According to the 
collision theory, the rate of a reaction is proportional to the number of collisions among the 
reactant molecules. An increase in temperature increases the average kinetic energy of the 
molecules. This increases average speed of reacting molecules. An,increase in kinetic energy 
of reactant molecules increases the collision frequency i.e. the number of effective collisions and 
hence the reaction rate. However, only effective collisions bring about the reaction. For a collision 
lo be effective molecules must possess the activation energy. and must be properly oriented. At 
ordinary temperature, very few molecules possess this energy of activation. All the molecules of 
a reactant do not possess the same energy at a particular temperature. Most of them possess 
average energy. A fraction of molecules have kinetic energy more than the average energy. The 
number of molecules having at least kinetic energy equal to Ea at temperature T is proportional 
to the shaded area under the Maxwell Boltzmann curve of kinetic energy (see fig: 9.3). As the 
temperature is increased the area of the shaded region increases and more molecules have 
kinetic energy greater than Ea. An increase in temperature increases the number of reactant, 
molecules that have enough energy for effective collision. It is found that in general the reaction 
ate increases two to three folds foreach 10K increase in temperature. 

Arrhenius (1889) studied the effect of temperature on reaction rates. He found that the 
effect of temperature on rate'of reaction is given by the following equation. This equation is 
known as Arrhenius equation. EXER) 

k= Ager 


here k = rate constant, Ea is energy of EH 
activation, R is gas constant (R-8.3143 JK“ | 3% 
Mole"). A is constant known as Arrhenius | £§ 
Constant. It is related with the frequency of ge 
Collision and orientation of the reacting E: 


Molecules. Therefore, rate constant k varies with 


Kinetic energy 
5 5 Ei needed foi 
$ temperature. It increases with temperature effective collosion 
In tum increases rate of reaction. . Figure 9.3: Maxwell Boltzmann curve of 


5) Catalyst |... kinetic energy © 
A detailed account of the influence of catalyst on reaction rates is given in section 9.3. 
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9.1.6 Rate Determining Step 


The path followed by the reactants in forming the products in a chemica| 
reaction is called the mechanism. The rate equation for a reaction is very useful 
because it provides information about the mechanism of the reaction. A reaction ma 
occur in a single step or in many steps. When the reaction proceeds through two or more 
steps, one of the steps is the slowest. The rate of the slowest step determines the Overall 
rate of reaction. This is because it places a limit on the rate at which the overall reaction 
can occur. No reaction can proceed slower than the rate-determining step. All the other 
Steps of the reaction mechanism are generally fast. 

"The slowest step of a reaction mechanism which determines the overall rate of 
reaction is called as rate determining step." 

Example 9.3 
For reaction 
NO; + Co — NO, + CO. 
Rate =k [NO; * 
What information do you get from this about rate determini 
Solution 
The rate equation gives us following information: 
i) The reaction is second order with respect to NO2 and zero with respect to CO. 
Therefore it is independent of the concentration of CO. 

ii) Two molecules of NO are involved in the rate-determining step. 

iii) | Reaction must proceed in more than one step. 

The proposed mechanism for the reaction is as follows. 

Step I NO; +NO zg — NOx.) +NO,, 

Step Il NO, + CO) =" NO, + CO,,) 

The first step is the rate determining step. Species NOs that does not appear in the overall 
reaction is called reaction intermediate. This example also proves that a balanced chemical 
equation may not give any information about the reaction mechanism, 
Example 9.4 


Hypochlorite ion CIO" in aqueous Solution decomposes t. ; i emos 
3 CIO —> ClO; + 2C1 Poses to chlorate ion ClO; and chloride io 

The rate of the reactio| 

Rate = k [CIO 

The following two-ste, 

Step I: 
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29) 


ing step? 


n is second order in CIO: ion 


p mechanism is consist 


t ent with the rate law for the reaction 
CIO, + Clo, —230OI04,, + [o 
Step II: CIO4,, + CIO; —2»90 + [n 
Overall reaction SCIO; = 


ion) —— CIOT + 26k. 
Select the rate-determining step. 
Solution: : 


Rate law for this reaction ind 


icates that two CIO- 
determining step. Therefore Step | is 


_ IO” ions must partici ate in the rate- 
the rate-determining step in this mehan 
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Example 9.5 


Rate -k[NO, ][O,] for the following reaction indicates that one molecule of NO, and one 
molecule of Os participate in the determining step 
2NO44) be O, TEA N,O,,.) jh Oo 


Thus rate law includes the concentration of each of the reactants raised to the power that 
equals the coefficient for the reactant in the equation for the rate-determining step. 


"mi Self Check Exercise 9.4 
For the following reaction, 
2NO; + Fy) —> 2NO;F, 
Rate -k[NO,][F,] 


Which of the following mechanism is consistent with the rate law? 
(a) 2NO, +F, —> 2NO,F 


(b) NO; +F, —> NO;F«F (fast step) 
NO, *F——. NOF (slow step) 
(c) NO; +F —> NO;F«F (slow step) 
NO, * F —— NO,F (fast step) 
(d) E, —> 2F (slow step) 
2NO, + 2F——. 2NO;F (fast step) 
Example 9.6 


NO reacts with H2 according to the following equation: 
2NOq + 2H; — Nag * 2HOg 
The mechanism for this reaction involvesitwo steps 
2NO +H, ——N,*H,O, (slow) 
HO, +H, —> 2H,O (fast) 
Write the experimental rate law for this reaction? 
9.1.7 Potential Energy Diagram and Reaction Mechanism 


Example 9.7 

Potential energy diagram for the reaction between NO, and F, is shown in figure 9.4. 

The experimental rate law for this reaction is given below: 

Reaction: 2NO,,,, +F, —> 2NO,F,, Rate =k[NO, ][F, ] 
Propose reaction mechanism. 
Solution: 
Step 1: Determine the number of elementary steps. 

As potential energy diagram shows two peaks, the 
reaction mechanism must involve two elementary steps. 

Step 2: Identify the rate determining step. 

As activation energy for step 1 is higher than Reaction Path—> 


step 2. Therefore, step 1 will be slow and rate Figure 9.4: Potential energy diagram 
determining step. for the reaction between NO2 and F2 


Energy —~ 
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T A 
Step 3: Use rate law to determine the number of molecules involved in the NE 
step. Given rate law suggests that one molecule of NO; and one molecule of F; are 
involved in this step. A a ta 
: tary steps for the mechanism. 

EN His abun ecules of NO; and one molecule of F react to form 
two molecules of NO;F. But in the rate determining step only one NO; molecule 
and one F2 molecule must react to form one NO2F and a reaction intermediate. In 
the second elementary step reaction intermediate must react with another 
molecule of NO; to form another molecule of NO2F. (A specie which is formed 
during a chemical reaction in one step and is consumed in another step is called 
reaction intermediate). 

Thus proposed mechanism is, 
NO, +F,—>NO,F+F (slow) 


NO, * F —> NOF (fast) y 
Step 5: Add the two steps to get the overall reaction which must be same as the reaction 
under consideration. 


NO, +F, — NO,F+F 
NO, *F—o NO,F 
2NO, +F, —> 2NO,F 


Since sum of elementary steps give the reaction under consideration, the proposed 
mechanism may be acceptable. 


S 


Esei Check Exercise 9.5 S 


ja The following data was collected forthe Teaction between H, and NO at 700°C. 
2H, +2NO—> 2H,0 +N,” 


Initial rate (moles dm? s“) 


Suggest a plausible mechanism thatis consistent with the rate 
law. (Hint: assume the oxygen atom is reaction intermediate) 
Potential energy diagram for this reaction is given below. d 
2. Following mechanism has been proposed for a reaction 
HO 2404) + Tg HO + Of, i 
Ol, + H Oza —> HOn + Ox) + 
Choose catalyst, reaction i 


Mi ntermediate and rate determining 
A e Jil FR following reaction 
) +2H,0 Reaction Path —7 
Figure 9.5: Potential energy diagram fo" 
"se K{H,][Nof the reaction between H» and NO 


Is the followi i 
Ng mechanism is Consistent with the rate law? Argue. 
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H, *NO—o H,O +N (slow) 


N*NO— N, +O (fast) 
O*H,— H,O (fast) 
4. The rate law for the reaction, 
2N,0—-> 2N, + O, 


is rate = k[N,O]. Reaction occurs in two elementary steps. Assume O atom as a reaction 
intermediate. Write mechanism for the reaction. 


9.2 COLLISION THEORY, TRANSITION STATE AND 
ACTIVATION ENERGY 


* Chemical reactions involve the breaking and making of chemical bonds. These changes 
are accompanied by changes in energies. Collision theory has been proposed to explain the 
observed kinetics of reactions. For a chemical reaction to occur, the combining atoms or 
molecules must collide with one another. These collisions may be effective or ineffective 
depending upon the energy and orientation of the colliding particles. The effective collision can 
take place only if the energy of the colliding particles is high enough to overcome the repulsion 
between electrons around the reacting particles. Proper orientation means that at the time of 
collision, the atoms which are required to make new bonds should collide with each other. The 
minimum amount of energy, in addition to the average kinetic energy, which the particles 
must possess for effective collisions, is called activation energy. The reaction will not occur 
ifthe energy of reacting particles in less than activation energy. 

Thus the rate of a reaction depends upon its energy of activation. The greater the 
activation energy, the lesser will be the rate of reaction. This is because only a small fraction of 
molecules possess enough energy to react.“On the other hand, if activation energy is small then 
a large number of molecules can bring about effective collisions. Hence, higher will be the rate 
of reaction. 

Consider a reaction between*Az and Bz molecules to form a new molecule AB. If these 
Molecules possess energy equal to or more than the activation energy, then upon collisions their 
bonds will break and new bonds will be formed. In an effective collision the molecules form an 
unstable species called activated complex. Since it is a high energy species, it is short lived and 
quickly breaks down to the products. Activated complex is also called a transition state. (Fig 9.6) 


A —— A Ac A A A 
E 

B B B -- 

Reactants Activated complex Products 


Figure 9.6: Effective collision of molecules. 


In an effective collision the colliding molecules come close to each other, slow down just 
before Collision. Their kinetic energy decreases and this results in the corresponding increase 
^ their potential energy. The activation energy appears as a hill between reactants and 
Products. Molecules must first climb the energy barrier before they can roll down the hill to 

m products. Only the colliding molecules with proper activation energy and proper 
Srientation can do so. On the other hand if they lack proper activation energy, they will be 
Unable to reach the top of the hill and fall back chemically unchanged. 


a 
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Reactants 


Reaction path > Reaction path > 
(a) (b) 


Figure 9.7: (a) Exothermic reaction (b) Endothermic reaction 


The potential energy diagram can also be used to understand the enthalpy changes in 
chemical reactions. The heat of reaction is equal to the difference of energies of reactants 
and products. In an exothermic reaction product are at a lower energy level than the 
reactants. Whereas in an endothermic process the products are at higher energy level than 
the reactants. In both types of reactions activation energy (Ea) is an energy barrier which must 
be crossed over before the products can be formed. If energy of activation is not available to the 
reacting particles, the reaction will not start. In endothermic reactions a continuous source of 
energy is needed to complete the reaction. Fig.9.7 shows energy profile for exothermic and 
endothermic reactions. 


9.3 CATALYSIS 


Many industrial reactions are carried out at high temperature to maximize the amount of 
product that can be synthesized in:a'given time. High temperature reactions introduce safety 
concerns and many chemical species are not stable at high temperature. Thus a different 


to change its mechanism in a way that lowers 
the activation energy of the rate determining 
step. This can be done by introducing a 
catalyst. 


A substance which accelerates a 
chemical reaction but remains chemically 
unchanged at the end of a reaction is called 
as catalyst and the phenomenon is called. 
catalysis. A catalyst provides a new 
mechanism for the reaction with low energy of 
activation (Fig 9.8). Thus catalyst increases the 
rate of reaction by decreasing its energy of 
activation. A catalyst has no effect on the total thermodynamic or enthalpy of the reaction. For 
this reason a catalyst cannot be used to bring about a chemical reaction, which is not favoured 
thermodynamically. 


Figure 9.8: Effect of Catalyst on energy of activation 
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For example, in the stratosphere, conversion of an ozone molecule by an oxygen atom into 
two O2 molecules occurs. This reaction has higher energy of activation. 


0; +O—-> 20, E, =17.1kJ mole” 

Chlorofluorocarbon compounds diffuse up into the stratosphere. These compounds absorb 
short wave length ultraviolet light from the sun, that breaks carbon-chlorine bonds and produce 
chlorine atoms. CI atom catalyze the mechanism requiring less energy of activation. 

(6): co] E O,*CIO E, -2.1kJmole" 
O#ClO—>0,+Cl — E,-04KJmole" 
Net reaction: O, +O—_, 20, E, - 2.5 kJmole* 

It shows that the direct reaction between Os and O has a substantially higher activation 

energy than the chlorine catalyzed reaction o 


9.3.1 Types of catalysis 


1) Homogeneous Catalysis 


A catalysis in which the catalyst and the reactants are in the same phase is known as 
homogeneous catalysis 


Examples 


i) In the lead chamber process for the manufacture:of sulphuric acid, NO2 gas catalyzes 
oxidation of SO2 gas , 


28044 + Ozo) 280,,, 
i) Hydrolysis of esters is catalyzed by H,SO, 
CH,COOC;H, aq) +H,0,, ILES CHCOOH aq) + CH5OH oo 


ïi) ^ An aqueous solution of sucroseđis’stable for years provided that bacterial growth is 
inhibited. But when a small amount of an enzyme sucrase is added to the sucrose 
solution, it is rapidly converted to glucose and fructose. 
C H4O,, (aq) +H, Op — 5 5 CoH, pon) + CHO, 
Sucrose Glucose Fructose ; 
iv) Inthe upper atmosphere nitric oxide is responsible for the depletion of ozone. It catalyzes 
the decomposition of ozone 
20, = 30,5 


2) Heterogenous Catalysis Me : 
ereas the catalysis, in which catalyst and the reactants are in different phases, is 
known as heterogeneous catalysis. 
Examples 
) Inthe manufacture of ammonia, finely divided Fe,O, is used as catalyst 
Nag) + 3H, === 2NHy SED i 
i) Incontact process for the manufacture of H,SO, , oxidation of SO,,., is catalyzed by V,O, 


280, + On. HEL 28045 


3(9) 


5(s) 
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ili) Formic acid decomposes into H,O and CO in presences of AIO, . But it decomposes into 
i) Fo 


H, and CO, in presence of Cu. 
HCOOH, —5 9:6. HO, + COo 
HCOOH, —"* 5H, (g) + CO) 
iv) The petroleum, plastic and food industries use r2 HE Eon <a e 
jety | i substances. 0 
reat variety of compounds into more useful an I 
Verstable * into margarine is one example. Finely divided nickel, palladium or 
platinum is used as catalyst. 
Vegetable Oil. + Hyo — 9 > Margarine, 


| 
r3 Self Check Exercise 9.6 ; | 


Most of new cars are equipped with catalytic converters in exhaust system. These converters contain | 
Pt or Pd or transition metal oxide such as CuO or CrO, as catalyst. It oxidizes CO and unburnt 


gasoline to CO, and H,O. It also reduces NO and NO, to N, and O, . Identify type of catalysts. 


9.3.1 Enzymes 


fluids such as saliva, gastric juice etc. 
enzymes consist of protein only, but most enzymes also contain non 
carbohydrates, lipids, metals, phospi e is called holoenzyme. The 
protein part is called apoenzyme and non-protein as Co-factor or Co-enzyme. 

Enzyme catalysis can be represented by the seri 


es of reaction. In the first step, a reactant 
binds to a specific location on the enzyme called the a 


protein components such as 


Ctive site. Hydrogen bonding plays a key 
role in this binding 3 um. 
E + R = ER 
Enzyme Reactant Enzyme-Reactant Complex 


Binding causes chemical changes in the structu 


: re of reactants and forms a product 
Species. The enzyme then releases the product and is 4 


ready to repeat the process. 


ENDO oc E * R 
Enzyme-Reactant Complex Enzyme Product 
Because an enzyme plays a catalytic role over and over and i ti t 
Y oun! 
of enzyme is required. w g er 
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9.3.1.1 Daily Life Application of Enzymes 


Since some enzymes can also act outside the cells, therefore, they can be used 
commercially. Enzymes are effective in removing stains from fabrics. For this purpose 
suitable enzymes that can act on substances that are present in the stains are used. 
These enzymes decompose components of stains to simpler molecules, which are 
soluble in water and can be removed by washing with water. For example, enzymes like 
pepsin, trypsin, lipase, and amylase etc are used to remove food stains from fabrics. The 
food strain may contain carbohydrates, proteins and fats. Amylase acts on starch, pepsin 
and trypsin act on protein and lipase on fats. In leather industries, trypsin is used to 
remove hair from animal hides. In pharmaceutical products trypsin is used to treat 
inflammation. All these enzymes convert complex water insoluble components of food 
into simple water-soluble components. 


SUMMARY OF KEY TERMS 

1. The rate of a chemical reaction is a change in the.concentration of reactant or 
product in the given time. The instantaneous rate of reaction is the infinitesimally 
small change in concentration that occurs over an infinite infinitesimally small 
period of time. 

2. The rate law is an expression that relates the rate of a reaction to the rate constant 
and the concentration of reactants raise to an appropriate powers. It can only be 
determined experimentally. 

3. Overall reaction order is sum of the powers to which reactants concentration are 
raised in the rate law. 

4. A reaction mechanism is the sequence of elementary steps that describe the 
reaction. The rate of reaction is determined by the slowest elementary Step called 
the rate determining step in the reaction mechanism. 

5. The rate of a chemical reaction depends upon the activation energy for the 
reaction. The rate“constant and activation energy are related by the Arrhenius 


Ea 
equation: k=Ae FT 

6. Reaction rates are influence by the catalyst, which change mechanism of the 
reaction by decreasing energy of activation. 

7. In homogenous catalysis, the catalyst and the reactant are in the same phase 
whereas in heterogeneous catalysis the catalyst and reactants are in different 
phases. R 

8. Enzymes are catalysts in living organism. 

References for additional information 

* Silberberg, Chemistry the Molecular Nature of Matter and Energy 

* Bonderand Pardue, Chemistry and Experimental Science 2/e 

* Uno Kask and J. David Rawn, General Chemistry 

* Graham Hill and John Holman, Chemistry in Context 

* John M. Deman, Principles of food Chemistry 
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Exercise 


ii: Choose the correct answer 


(i) The rate of a reaction as the reaction proceeds. 

(a) Increases (b) Decreases 

(c) Remains the same (d) May increase or decrease. 
(ii) The unit of the rate constant in the same as that of the rate of reaction in 

order reaction. 

(a) First (b) Second (c) Third (d) Zero. 
(ii) For the reaction; 

2A + B —'**—, C, the rate law for the reaction is 

(a) rate = k[AT? [B] (b) rate = k[A][B] 

(c) rate = k[C] (d) None of these 
(iv) For the reaction; 

2A+B >C+D 

The expression for the rate law is, rate = KIA, the order of reaction in B is; 

(a) First (b) Second (c) Third (d) zero 
(v) The activation energy for a reaction cán be; 

(a) Increased by increasing temperature 

(b) Increased by decreasing temperature 

(c) Decreased by increasing concentration of reactants 

(d) None of these 
(vi) Rate law for the reaction: 

R-X + H20 — R-OH + HX is, rate = K[R-X]. The rate of reaction will be doubled when; 

(a) Concentration of HO is doubled 

(b) Concentration of R-X is reduced to half 

(c) Concentration of R-X is doubled 

(d) None of these 
(vii) The rate of an enzyme catalyzed reaction is independent of; 

(a) Concentration of Substrate (b) Concentration of Product 

(c) Enzyme (d) Temperature 
(Viii) If à reaction proceeds in such a way that order of reaction is independent of the 

reactants concentration, the overall order of reaction would be; 

(a) First (b) Second (c) Third (d) Zero 
(ix) Reactions with high activation energy are usually; 

(a) Fast (b) Slow 


(c) Exothermic (d) Reversible 
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(X) Ina reversible reaction catalyst lowers the activation energy of the; 
(a) Forward reaction 
(b) Reverse reaction 
(c) Forward as well as reverse reaction 
(d) Forward reaction but increases for the reverse reaction 


2. What is chemical kinetics? How do you differentiate chemical kinetics from chemical 
equilibrium? 
3. Explain effects of concentration, temperature and surface area on reaction rates. 
4. Evaluate that increase in collision energy by increasing the temperature can 
je improve the collision frequency. 
5. Draw energy diagrams that represent the activation energy and show the effect of a 
catalyst. " 
6. Whatis the effect of a catalyst on the following? 
(a) The rate of reaction 
(b) The energy of activation 
7. The reaction of an alkyl halide, R-X with water is as follows 
R-X * H,O——R-OH * HX 
If the reaction were a single step process, what would you predict the rate law 
to be? 
8. The reaction of a compound A and B to give: and D was found to be second order in A 
and second order overall. Write rate expression for the reaction. 
Defend the following statements? 
(a) A very small amount of catalyst may prove sufficient to carry out a reaction. 
(b) The reaction rate decreases:every moment. 
(c) The unit of rate constant.of a second order reaction is dm? mole" s^ 


10. For the reaction A*B——4AB 
The following data were obtained for the reaction 
Initial rate 


Initial conc. 
, 3 (mole dm?s^) Experi 
Experiment (mole dm") xperiment 


1.00 x 10^ 


2.00 x 10° 
2.00 x 105 
6.00 x 10? 


(Ans: Rate oc [A] [B]) 


Illustrate the rate equation for the reaction? 
11, Explain why powdered Zn reacts faster with an acid than a piece of Zn. 


i1 a 
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s lesson, vou This is 12 days lesson 
; (period including homework) 


* Define hydrophilic and hydrophobic molecules 


Express solution concentration in terms of mass percent, molality, parts per million, billion and trillion and mole fraction 

* Define the term colligative. JE 

* Define the term water of hydration. KS > 

Describe the role of solvation in the dissolving process. SN 

Distinguish between the solvation of ionic species and molecular gu tances. 

e List the characteristic of colloids and suspensions that distinguish them from solutions. 

* Explain the nature of solutions in liquid phase giving exai 
immiscible liquid- liquid solution. 


SS 
Describe on a particle basis why a solution has a lo our pressure than the pure solvent. 
Explain on a particle basis how the. addition of 


te to a pure solvent causes an elevation of the boiling 
point and depression of the freezing point of the resultant solution. 


lo solution saturation. 
and interpret the solubility graph. 


of completely miscible, partially miscible and 


* Explain concept of Solubility and how it ap ies 
Explain the effect of temperature on eS 
«S 


N 


» Vapour pressure etc are uniform 
he compo oe 9r common salt dissolves in it, 
his i sition and properties of this new phase 

'S a mixture since it contains two different 


) a single phase, TI 
are different from those of pure water. TI 
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substances. Such a mixture is said to be homogeneous, because its properties are uniform 


throughout the liquid. $ 
A homogeneous mixture of two or more pure substances, which has uniform 


- composition throughout is called solution. 


10.1.1. Hydrophilic and Hydrophobic Molecules 

There are some substances that do not dissolve in water. For instance substances like 
penzene, cyclohexane, oils etc. do not dissolve in water. This is because these substances have 
non-polar molecules which do not have any interaction with water molecules. Therefore, 
molecules can be hydrophilic or hydrophobic in nature. 

Hydro mean water, philic means loving. So hydrophilic literally means water loving. 
Molecules that are miscible with water are known as hydrophilic molecules. Such 
molecules can form hydrogen bond with water molecules. For example, molecules of methanol, 
acetone, acetic acid etc. are called hydrophilic molecules. Since phobic means disliking, 
therefore-hydrophobic literally mean water disliking. Molecules that do not dissolve in water 
are known as-hydrophobic molecules. For example, molecules of organic fats and oils are 
called hydrophobic-molecules. 


40.1.2 Nature of Solution in Liquid phase 
Solutions of liquids in liquids may be divided into three classes. 
(a) Completely miscible (b) Partially miscible (c) Immiscible. 
Completely Miscible Liquids 
Liquids which are miscible in all proportions, are called completely miscible. For instance 
water and methanol, acetone and water, benzene and cyclohexane are completely miscible liquid 
pairs, Substances that dissolve in each other possess similar types of inter-molecular interactions. 
For example water and methanol are miscible because molecules in the pure liquids and their 
mixtures form hydrogen bonds. The degree of hydrogen bonding in the solution is same as that in 
the pure liquids. Benzene and cyclohexane are completely miscible because the molecules in the 
pure liquids and their mixtures interact through London dispersion forces. These dispersion forces 
between benzene and cyclohexane are about the same as those in pure liquids. 
Partially Miscible Liquids i 
Liquids that dissolve in each other to a very small extent are called partially miscible liquids. 

On mixing such liquids two layers are formed. Each layer is a saturated solution of the other 
liquid. For example ether and water are partially miscible liquids. The mutual solubilities of these 
Solutions change by temperature changes. 
Typical examples of such systems are:- 

(i) Phenol-water 

(i) Aniline-water 

(üi) Aniline-n-hexane 

. (V). Nicotine-water 


Phenol-wai tem 
d ter sys 
d ? re mixed into each other, two liquid layers are 


When equal volumes of phenol-and water à 
formed. The lower layer consists of a small amount of water dissolved in phenol, while the upper 
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layer consists of small amount of phenol dissolved in water. It is observed that at 25°C upper layer 
is 5% solution of phenol in water and the lower layer is 30% water in phenol. This means water is 
solute in lower layer and phenol is solute in the upper layer. Such solutions are called conjugate 
solutions. As the temperature increases, the mutual solubility of two liquids increases. Water starts 
moving from upper to the lower layer and phenol from lower layer to the upper layer. Thus 
composition of both the layers changes. When the temperature finally reaches 659 C, the 
composition of both the layers become identical. Each layer contains 34% phenol and 66% water. 
Above this temperature two solutions merge into one another and two liquids become completely 
miscible in all proportions. The temperature at which two conjugate solutions merge into one 
another is called critical solution temperature or upper consolute temperature. For example: 

Critical solution temperature for water-aniline system is 167°C with 15% water and that for 
aniline-hexane is 59.6 °C with 52% aniline. And that for water-phenol is 65.9°C with 34% phenol. 

immiscible Liquids 

What happens when you mix oil in water? 

Liquids which do not dissolve into each other in any proportion at any temperature are called 
completely immiscible. For instance water and benzene, carbon disulphide and water, 
cyclohexane and water. Benzene, carbon disulphide or cyclohexane are non-polar in nature. The 
only forces of attraction between their molecules are dispersion forces. In water hydrogen bonds 
are much stronger than dispersion forces. Since hydrogen bonds cannot be disrupted by the 

molecules of benzene, carbon disulphide or cyclohexane, these liquids are immiscible with water. 


10.1.3 Dissolution Process 


When a solute is added in a suitable solvent, it dissolves forming a solution. In the formation 
of a solution three types of interactions are involved. These are solute - solute, solvent- 
and solute-solvent interactions. A solution forms only when the interactions between 
solvent molecules are equal to or:greater than the interactions between solute 
solvent-solvent molecules. This.means, the process of dissolution can occur onl 
interactions that hold together solute particles are weekend appreciably by the s 
interactions. The speed with which a solute dissolves in a Solvent is called dissolvi 
factors influence the rate'at which substances dissolve. 


(1) Particle size (2) Temperature — (3) Solution concentration (4) Stirring. 


10.1.4 Solvation of lonic and Molecular Substances 
lonic solids are soluble only in solvents having polar 
„molecules. When an ionic ‘compound is dissolved in a polar 
Solvent, ít splits up into its ions. For instance, when NH4NOs 
dissolves ín water the resulting solution contains NH; and NO- 


ions floating around independently. Solvent molecules surround 
these ions by directing their negative poles towards positive ions 
and their positive poles towards negative ions. This interaction 
is called as ion-dipole interaction (see figure 10.1). 
Molecular solids are held together by dispersion forces, 
dipole-dipole forces and sometimes hydrogen bonds. Such 


Solvent 
Solute- 
-solute and 
y when the 
olute-solvent 
ng rate. Four 
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solids dissolve readily in solvents with similar types of inter-molecular forces. For example when 
a polar molecular substance is mixed with a polar solvent. Polar ends of solvent molecules 
interact with the opposite polar ends of molecules of solute and break attractive forces between 
them. Finally solvent molecules surround these molecules. This interaction is called dipole- 
dipole interaction. 

The process in which solvent molecules interact and surround solute ions or molecules is 
known as solvation. When water is the solvent, this process is known as hydration. 

Jn ionic and molecular substances particles are surrounded by solvent molecules. 
However, the heat of solvation in both the cases is much different since ion-dipole interactions 
are much stronger than dipole-dipole or dispersion forces, heat of solvation for ionic species is 
generally larger than those for molecular substances. 


10.1.5 Role of Solvation in the Dissolving Process 


Energy change in the formation of a solution depends upon three. types of interactions 
between solute-solute, solvent-solvent and solute-solvent particles. In the formation of 
solution, interactions between solute particles are broken. At the same time solvent molecules 
also move apart to accommodate the solute particles. Since" energy is needed to break 
interactions. Therefore, both these processes are endothermic. Simultaneously interactions 
between the particles of solute and solvent are established i.e., solvation occurs. Solvent 
molecules surround solute particles from all sides. In these interactions energy is released, so it 
is exothermic. Thus the strength of these two types of interactions determines whether the 
process of dissolution is endothermic or exothermic. 

Thus when a solute dissolves in water, attractive forces among these solute particles must 
be overcome to break solute particles from the solid lattice. A strong force must bind these 
Separated solute particles to water molecules in the solution. Therefore, heat of solution 
measures the net energy flow that occurs as a substance dissolves. The energy needed to 
break solute particles is equal to lattice energy of solute ( ^ Hiattice). On the other hand the 
energy released when solute particles bind to the water molecules in the solution is called 
heat of hydration (A Hnya). For other solvents this energy is known as heat of solvation. Heat 
Of solution includes both the energy needed to move solvents molecules move apart and energy 
release when they surround solute particles. Thus, heat of solution A Hsolutoin is the difference in 
A Hiatice and. A Hhya. 

A Hsolutoin = A Hiattice - A Hhya 

When A Hsolution is very large, the solute is unlikely to be soluble. But if A Hsotution is 
Moderately Positive, then solute dissolves. For example, when ammonium nitrate dissolves in 
‘Water 25 7 kJmole"'energy is absorbed and the flask becomes cold. This is because crystal 
binds NH: and NO; ions more tightly than the solution. 

NHNO,, +H,0,,, —> NH) t NO) A Hsoution = 25.7 kJmole* 


On the other hand, if solvent binds solute particles more tightly than the crystal, energy is 
ased as the solute dissolves and we have an exothermic solution process. 


For example, when NaOH dissolves in water 44.5 kJmole"'energy is released and the flask 
becomes hot 


|... NaOH, + XHO,, Na; + OH, A Hsoin = -44.5 kJmole"! 


— 


fele; 
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Thus solution process can be endothermic or exothermic Beeson tle 
in the lattice energy for solute and heat of solvation for solute particles. ples are 
given below - 

CaCl, * H,O) —95 Ca, + 2Clinq) 

+2 -2 

MgSO,,,, + xXH,O,, ——Mg, + SOL AM pe i l 

The values of standard enthalpies of solution of some ionic solids in water are given in 
table (10.2) 


A Hson =-83.0 kJmole"! 
A Hson =-91.2 kJmole"! 


Table 10.2: Enthalpies of Solutions of some ionic solids. 
Substance Enthalpy of Solution (kJ mole ') 


Daily Life Applications of Heat of Solution 
Instant hot and cold packs are in Common use today. Cold packs are used for the treatment 


and treatment of pulled muscles. These packs are excellent examples of basic Science 
producing a technologically useful product. These:packs are based.on heat of Solutions. These 


(i) CuSO,. 5H, o (ii) BaCl,.2H,O 
(ili) MgSO,.7H.O (i) (COOH), .2H,0 
(v) Na,CO,. 10H,0 

How Many moles of water ar 


€ present in hydrated Copper sulphate? 
The Percentage of water in a hydrate can be determined Fah: = 
i : IS purpose a known mas: 


of hydrate is heated to expel water 
f ! completely. Mass of id i mi 
; á anhydro d. 
Difference in the two masses gives th Water present. ER [esu om ntage 
masses, perce 


of water in the h drate is d i h bility to 
e hydrate is letermined. An ion havin hi era 
: g higher charge density has grea ility t 
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soz ion. Thus Cu** ion has greater ability to attract water molecules than SO; ion. That is why, 
out of five water of hydration four are associated with Cu** ion and only one with SO; ion. In 


hydrates, although new bonds between ions and water molecules are formed but no hydrogen 
oxygen bond of water is broken. 


massof waterinthehydrate " 
massof hydrate 


Percent water in a hydrate = 100 
Example 10.1 
250g of CuSO, xH,O on heating produced 159.82g CuSO, Calculate the percent of 


water in the CuSO, xH,O. Also determine the value of x. 


Problem solving strategy 

1. Find the mass of water by subtracting mass of anhydride from that of hydrate. 
2. Find % water in hydrate using formula. 

3, Find the value of x using formula. 


Solution 
Mass of CuSO, xH,O = 250g 
Mass of CuSO, = 159.82g 
Mass of water in the hydrate = 250-159.82 
= ante DO YOU KNOW 
Percent of water in the hydrate = oy x100 SURE sae ey i 


a ability to dissolve many 
= 36.0796 s substances. Without this 
Massof waterinhydrate | property, many things on 
C {aa eee earth would be different. 

molarmassof water For example the oceans 
90.18g would not be salty. Plants. 


X = No. of moles of water 


> ca ae and animals, which depend 

18g /mole on moving dissolved 
X E 5.01 substances into and out of 
X = 5 their cells, would not exist. 


10.1.7 Concept of Solubility ; 
_ _ When a small amount of solute is mixed in excess of water, 
itdissolves to form a solution. If a little more solute is added it will 
- also dissolve, Such a solution which can dissolve more solute 
. Under existing conditions is called unsaturated solution. As more 
| and More solute is added, a stage is reached where further 
L | Solving seems to cease leaving solid solute at the bottom of the 
| atainer. Such a solution which contains maximum amount of 
- -Ssolved solute under existing conditions is called saturated 
- gu 0h. The maximum amount of solute that dissolves in the Fig 10.2: H-bonding between 
| 


pen Quantity of a solvent under-given conditions is called water and methanol 
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solubility. Solubility is commonly expressed in number of grams of solute per cm of solution or 
f 3 of solution. 
in terms of number of moles of solute per dm? o ution À p. 
On molecular level a saturated solution is in equilibrium with excess of solute. At equilibrium 
the rate of solute going into the solution equals the rate of solute returning from the solution. 


Undissolved solute, === Dissolved solute, 


In a saturated solution dissolution of solute infact continues. At the same time many 
dissolved particles moving freely in solution strike the solid solute. Such particles are recaptured 
by the solid solute present at the bottom of the container. Such particles are thus re-crystallized, 
A stage is reached when a dynamic equilibrium is established between dissolved and 
undissolved solute. 

A general rule useful for predicting solubilities is “like dissolves like.” Substances which 
have similar structures and intermolecular forces tend to be soluble. While substances which 
have dissimilar structures and intermolecular forces are insoluble. 

For instance, water and methanol have similar structures and have hydrogen-bonding 
between their molecules. They can form hydrogen bonds with each other, when they are mixed. 
See Fig 10.2. Thus water and methanol are miscible. 

Molecules of benzene, C,H, and carbon tetrachloride CCI, are non-polar and have 


London dispersion forces between their molecules..When these two liquids are mixed, their 
molecules attract each other with London dispersion forces, thus these are miscible liquids. 
Think what will happen when CCI, or Benzene'is mixed with water? 


y lonic solids have a crystal lattice structüre composed of oppositely charged ions. When an 
ionic solid e.g. NaCl is placed in water which is a polar solvent. These ions are attracted by polar 


molecules. Water molecules break the crystal lattice of Na*CI- and then surround the resulting 
Na* and CI" ions. These ions are‘alled hydrated ions. 


But when NaCl crystals are placed in CCI, or C,H,. Non-polar molecules of these liquids are 


unable to attract ions in Nat C^ and cannot break a i 
part the crystal lattice. Th is i i 
these solvents. Think, what will happen when solid NH,NO, , an ionic solid Ee, j 


— x 


A z Self Check Exercise 10.1 
Which solvent, liquid ammonia, NH. or benzene, i 

b (C ; 3 s 
solute. Give reasons? (a) AgCI (b) Wc en e. to dissolve each of the folowing 


()HO (d) NHOH 


Effect of Temperature on Solubility 
Generally, an i i 


case. Th 
and Ce,(SO,) decrease with increasing temperati 


relatively constant Solubility with increasing temperati 


€ solubilities of some solids e.g. Na,SO, 
ure, 

Some substances like NaCl have 
ure. 
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The variation of solubility with temperature can 
be predicted from the enthalpy of solution. If AH®soin 
in negative, the solubility of solute decreases as the 
temperature increases. But if A H?son is positive, the 
solubility increases wilh temperature. 

Solubility of, KNO, rapidly increases with 
increase in temperature, this is because it has large 
positive value of AH” soin (+36 kJ/mole) the solubility of 
NaCl does not vary niuch with temperature because of 
relatively small magnitude of AH9son (+3 kJ/mole). P 5 

Itis generally observed that the solubility of a Figure 10.3: Solubility curves, which substance 
gas decreases with increasing COS ud The hae monar solubitty et room temperature? 
dissolution of gases in liquids can be understood in terms of two processes (a) the condensation 
of the gas which is exothermic and (b) the creation of holes in the liquid to accommodate the 
condensed gas molecules, it is endothermic. Because of the open structure of water, little work 
is required to accommodate gas molecules, this means dissolving process is exothermic. Thus 
solubility of gases in water decrease with temperature. 


l| Self Check Exercise 10.2 
Consult solubility curve shown in figure 10.3 and explain the following 
1. AHsoution of Ce, (SO, ), and that of KCIO, is positive or negative. 


(I) AHsoiution Of (Saci, is greater or lesser than that of NaNO, at 20°C. 3; 


(ii) Indicate the temperature at which solübliities of NaCl and KCI are same.’ 
2. Which of the ‘following salts has rapid inefease in solubility with the increase in temperature: 


@ Caci, (b) K,Cr,0, Ss 
Effect of Pressure on Solubility e eder aces 
Preserahas negligiblé Sect on above tho solution increases. 
the solubility of solids or liquids. On the Tie preso As ERN 


SE 
= 


other hand jt does significantly 
increase the solubility of a gas. At a 
given temperature, the solubility of 
gases which clo not react with the 
Solvent is directly proportional to 
the partial pressures of the gases 
above the solution. This relationship 
IS known as Henry's Law. It is obeyed 
Most accurately by dilute solutions of 


gases: Henry's jaw can be understood 
from Fig. 10.4. 


Equilibrium between the gas 


above a liquid and the dissolved gas Figure 10.4: Schematic representation of Henry's law 


partial prossuro p 
of gas à 
in the solution. 


Partial pressure. 
of gas 
above solution 
equals 


TN ' E 
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within the liquid is reached when the rates of evaporation ind condensation of gas molecules 
become equal. (Fig.10.4). When the pressure is suddenly increased by pushing the piston, the 
number of molecules per unit volume increase in the gaseous state, this causes an increase in 
the rate at which the gas enter the solution, so the concentration of the dissolved gas increases, 


The greater gas concentration in the solution causes an increase in the rate ot evaporation, until 
a new equilibrium is reached, 


Carbonated drinks are bottled at I pressure, of carbon dioxide. When the cap is 
removed, the effervescences results from the fact that (he partial pressure of carbon dioxide in 
the atmosphere is much less than used in the bottling process. As a result, the equilibrium quickly 


shifts towards lower gas solubility. This causes effervescence. | 


10.2.CONCENTRATION UNITS 


A dilute solution is one which contains relatively small amount of solute per unit 
volume of solution. Whereas a concentrated solution is one which contains relatively 
greater amount of: jer unit volume of solution. We need to.define solution composition 
more precisely in order to. perform calculations. The amount of solute, solvent gi solutions may 
be expressed by volume, mass or number of moles. Therefore, there are various types of 


concentration units. Some of these are given below. l 
1 Mass Percent 
Itis defined as the mass of solute present in 100g of solution. It is also referred as percent 
weight / weight. 
Mass Percent E massif'solute(g) 499 


massof solution (g) 
15% NaCl solution means 15g of NaCI dissolved per 100 g of solution or 85g of water. 
Example 10.2 \ 
Calculate mass percent of a solution containing 10g sugar dissolved in 100g of 


water. 
Solution ) 


Mass Percent z mass of sugar (g) _ 
mass of solution (g) 
3 |... 10g sugar 
(10g sugar + 100g water). a 
9.09% 


100 | 


100 


n 


me Percent weight by volume 


It is the mass of solute dissolved per 100 part by volume of solution. In this cae volume of 
solvent is not exactly known. \ 


Prcentwit s Mass of solute (9) 
vol. of solution (cm?) 


contains 10g NaCl dissolved in 100 cm’ of solution. 


x100 
For example, a 10% (w/v) NaCl solution 
3. Percent volume by volume 


It is the volume of solute dissolved per 100 parts by volume of solution. In such solutions 
volumes of solute and solvent may not be necessarily equal to the volume of solution 


o MDCATBYFUTUREDOCTORS( OUSEEFAHMADKHAN) 0349: 815886 


‘canner 


E 10. Solutions and Colloids SE 


volume of solute (cm) 
volume of solution (cm) 
For example a 5% (v/v) ethanol solution means 5cm? ethanol dissolved per 100 cm? of solution. 
4. Percent volume by weight 


The volume of a solute dissolved per 100g of solution is called percent volume by weight. 
In this case total volume of solution is not known. 


For example. a 5% (v/w) Ethanol contains 5 cm? ethanol per 100g of solution. 
36 vw = volume of solute (cm*) 
Mass of solution (g) 


Percent v/v = 


x100 


x100 


5 Molarity (M) 

It is defined as the number of moles of solute dissolved per dm? of solution. Note that the 
reference volume is that of solution and not the pure solvent. If 0.5 mole of NaOH (20g) is 
dissolved in enough water to make one dm? of solution, 0.5 molar-or 0.5 M NaOH solution is 


obtained. 
M £ . . molesof solute 
volume of solution (dm' ) 
M = mass of solute (g) 
molar mass of solute .« volume of solution (dm) 
Example 10.3 
What is the molarity of a solution of 0.25g of NaHCOs in 100 cm? of solution? 
Mass of NaHCOs = 0/259 
Molar mass of NaHCO; = 23-1 +12 +16 x 3 
= 84g / mole 
Volume of solution = 100 cm? 
= 100/1000 20.1 dm? 
ba mass of NaHCO, 
Mein molar mass of NaHCO, x volume of solution in dm? 
- 0.25g 
84g/ mole x 0.1dm* 
z 0.0298 M 


$. Molality (m) 

It is defined as the number of moles of solute dissolved per kilogram of solvent. For 
example when 58.5g NaCl (1 mole) is dissolved in one kilogram of water, the resulting, solution 
Would be one molal or 1m NaCl solution. 
moles of solute 


m z — a 
mass of solvent (kg) 


Example 10.4 


Ethanol is an excellent organic solvent. It is used to prepare tinctures and in the extraction 
Of medicinal compounds from plants. For this purpose either pure ethanol or its aqueous 


<a 
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solutions are used. A solution is prepared by Rising J-e0g)of etis nol (CeHsOH) with 100g of 


water. Calculate molality of this solution. 


AR Mass of ethanol = 1.00g Í 
Molar mass of ethanol = 12x2+1x6+16 
= 46g/mole 
Moles of ethanol = Ta 
= 2.17x10? mole, 
Mass of water = 100g 
= 100/1000 = 0.1 kg 
Molality of solution = ^ moles of CoHsOH / mass of water in kg 
= 2.17 x 10? mole / 0.1 kg 
= 0.217 m. 


Notice that molality is independent of temperature whereas molarity depends on 
temperature. This is because molarity is based upon volume of solution. As the temperature 
increases, the amount of solute remains constant but the volume of solution increases slightly, 
thus molarity decreases slightly. 1 


TEE 
U Self Check Exercise 10.[3 $ 


Any fluids infused intravenously into an indivi A must be isotonic with the blood cells and the blood | 
plasma. Such infusions are either 5% dex i 


Cau | 


e (glucose) or 0.9% normal saline: The first solution is 
composed of 5.0 gram of glucose per 100 êm? of solution and the ¢ither of 0.9 gram NaCl per 100 cm? 


of solution. Calculate the molarity of these intravenous solutions, ` 
Ti Mole Fraction (X) | 


It is sometimes necessary to use a concentration unit ih whi i 
in cog ich the amount of all the solution 
components aré described on a number basis. This 


can jon 
concentration unit. TM be one Eun mote fracto 


It is defined as the ratio of the numb 
of moles of solution. Suppose a solution 


(Ans: 0.28M, 0.15M) | 


er d moles of a given component to the total number 
contains n, and n, moles of two components A and 
B. Mole fraction of each component is given by : j 
Mole fraction of component A Xa = w 
na " ns 
= Dg 
|n, + ny 


Mole fraction of component B 


Example 10.5 


An aqueous solution containin 
0.984g cm?. Calculate mole fraction 


g 100g ethanol per dm? 


; ay of 
of solution has a density ? 
of each component of soluti 


on. 
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Solution 
Volume of solution 
Mass of ethanol 
Mass of solution 


1dm? = 1000 cm? 
100g 
Density x Vol of solution 
0.984 g. cm?x 1000 cm? 
984g 
984g - 100g 
884g 

884g 
18g/ mole 

= 49.1 mole 

No. of moles of ethanol = 100g — 
46 g/ mole 


= 2.17 mole 
Total No. of moles in solution= — 49.1 + 2.17 


= 51.27 mole 
2 49. 
X 9.1mole 


51.27 mole 
= 0.958 
2.17 mole 


51.27 mole 
= 0.042 
8. Parts per million (ppm) 


It is defined as the number of parts by-weight (or volume) of a solute illi 
t per million parts 
Weight (or volume) of the solution. i 5 


Mass or volumeʻof solute x10* 
Mass or volume of solution 
9. Parts per billion (ppb) 


À It is defined as the number of parts by weight (or volume) of a solute per billion parts by 
Weight (or volume) of the'solution. 


Mass or volume of solute x10? 
Mass or volume of solution 
10. Parts per trillion (ppt) 


.. tis defined as the number of parts by weight (or volume) of a solute per trillion parts by 

Weight (or volume) of the solution. 

Mass or volume of solute x10? 
Mass or volume of solution 
E Rare components of a solution are expressed by ppm, ppb and ppt. A pollutant 
s Ncentration of 1 ppm in the atmosphere means that out of one million molecules of air there 
aoe Molecule of the pollutant, whereas 1 ppb concentration of it means that out of one billion 

olecules of air there is one molecule of that pollutant. 


— 


Mass of water (solvent) 


No of moles of H20 


n u n Hn m d Ww 


Xethanol = 


ppm = 


ppb = 


ppt =s 


MDCATBYFUTUREDOCTORS(TOUSEEFAHMADKHAN) 03499815886 _ 


i 


dori 
pU a 10. Solutions and Colloig 
a O ica A Ü 


Example 10.6 
An atmospheric chemist reports that one dm? of air in an urban area contained 


3.5 x 104 cm? of CO. What was the concentration of CO in ppm? 
Volume of CO (cm*) 40° 


EAE Volume of air (cm?) 
x 4 3 
_ B510 om’ a 
10* cm 
= 0.35 ppm. 
Example 10.7 


If the concentration of ozone in atmosphere reaches 0.5 ppb. What mass of ozone wouk 
be present per kg of air. 
Solution 
Mass of ozone (g) 
Mass of air (g) 

05 = Mass of ozone x10 
1000 g 

0.5x1000 

EIE 

0.5 x 10x 109 

5x40" g 


m 
x e 
MI Self Check Exeícise 10.4 
1. Calculate the ppm:by mass of calcium in a 2.5g tablet that contains 500mg calcium 
SS (Ans: 0.2109 ppm) 
2. Waste water from a cement factory contains 22mg Ca‘? ions and 0.006g Mg* ions 
per kg of solution. Calculate the concentration of both these ions in ppm. 
Á (Ans: 22ppm, 6pp™} 
3. Gold occurs in sea water at an aVéráge concentration of 1,09 x 102 ppb. How man) 
kg of water must be processed to recover 1gm of Gold. (Ans: 9.17 x107 kg) 


ppb = x10° 


Mass of ozone = 


10.2.1 Inter Conversion of Various Concentration Units of Solution. 
Sometimes we get prepared solutions whose molarity is given, but we need its wi 

Percentage or molality. For this purpose, we need to convert one unit of concentration into othe 

How it can be done? It is explained by the following examples. 

Example 10.8 E 


Calculate the molality of 15% (w/w) glucose (C,H,.O, ) solution. 
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Solution 
Since solution of glucose is 15% w/w 
Mass of glucose = 15g 
Mass of solution = 100g 
Mass of water = 100g - 15g 
= 85g. 
= 85/1000 = 0.085 kg. 
Molar mass of glucose = 12x6+1x12+16x6 
= 180 g / mole 
M lut 
Molality T ass of solute |. 
' Molar mass of solute g/ mole x Mass of solvent(kg) 
Molality =. 159 
180 g/mole x 0.085kg 
Molality = 0.98 moles per kg. 
Molality = 0,98 m 
Example 10.9 


Sulphuric acid is known as king of chemicals it is usedin’ the manufacture of many 
chemicals, drugs, dies, plastics, paints, disinfectants, explosives, synthetic fibres etc. It is 
prepared commercially by contact process and is normally: 9896 by weight. If its density is 
1.84g cm8, what is its molarity. 


Solution 


Molar Mass of H,SO, = 1x24+32x1+16x4 
=  98g/mole 
Percentage of H,SO, solution = 98% 


Density of H,SO, solution = 1.84g cm? 
1 cm? of H,SO, solution contains 1.84g H,SO, solution 
1000 cm? H, SO, solution: would 
have = 1.84 x 1000 
= 1840g H,SO, solution 
Of this total mass 98% is H,SO, 


Mass of H,SO, in solution = 1840 x 98 / 100 
E =. 1803.2g 
Moles of H,SO, in solution E 1803.2g / 98 g/mole 
= 18.4 moles 


Since solution has 18.4 moles of H,SO, per 1000 cm? or 1dm? of solution, the molarity of 
this solution is 18.4 M. 


|. Example 40.10 : 
F Commercial HCI is 12 molar (density = 1.17 g cm’). Calculate the mass percent of HCI 
"^ this solution. 1 
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Solution 
Molarity of HCl = 12M 
As d =mi/v 
m =dxv 


Thus mass of HCI solution present in its 1000 cm? (1dm) would be 


1.17g/cm? x1000cm? = 1170g 
Molar mass of HCI = 1 +35.5 

= 36.5g/mole 
As HCI solution is 12M, 
Mass of HCI in solution = 12 x 36.5 

= 438g 
Mass percent of HCI = 438g x 100 

1170g 
= 37.44% 


obtain less concentrated solutions. Such 


Often more concentrated solutions are diluted to 
that is mixed with the more concentrated 


dilutions are done after calculating the amount of water 
solution to give the desired lower concentration. 
Example 10.11 : 

Sodium hydroxide solutions are used to neutralize acids, to treat cellulose in the 
preparation of rayon and to remove potato peals in commercial use. 250cm? of 2M NaOH is 
mixed with 250cm? of water. Calculate the molarity of resulting solution. 


Solution 
3 
250 cm? of 2M NaOH contain = ZS9 enum 
1000cm* 
= 0.5 moles of NaOH 
Total volume of solution, = 250 cm? + 250 cm? 
= 500 cm? 
= 0.5 dm? 
Molarity of resulting solution = 0.5 moles / 0.5 dm? 
= 1M 


Self Check Exercise 10.5 


1l; i i i 
idm (AREON) is a white solid produced commercially as a fertilizer and 
starting material for plastics. Itis a non-volatile and non-ionizable compound. What 


is the mole fraction of Urea in i i 
eae an aqueous solution that is 0.25m Urea. 


2. Potassium hydroxide (KOH) is used in the manu 
and varnish removers. An experimenter needs 25 
of KOH, he will dissolve to make this solution 


facture of liquid soaps, in pai 
cm? of 0.015M KOH. What mas 
(Ans: 0.021 9) 


MDCATBYFUTUREDOCTORS(TOUSEEFAHMADKHAN) 034998158; 6 


ImScanner 


- un 


E 40. Solutions and Colloids fam 


10.3 RAOULT'S LAW 


A French chemist Raoult discovered a quantitative relationship between vapour pressure 
of solution and concentration of solution. This relationship is known as Raoult's law. 
It states that when a nonvolatile solute is dissolved in a solvent, the vapour pressure 
of solution (P) is directly proportional to the mole fraction of solvent (X4) 
P oc xi 
P = P? X4 --—-———--——— (1) 
where P? is constant of proportionality and is the vapour pressure of the pure solvent. A 
more common form of Raoult's law is obtained by Simple substitution. In a binary solution 


X1+X2=1 
AndX: = 1-X2 Where X? is mole fraction of solute. 
Substituting value of X« in equation (1), we get 
P = P? (1 — X2) 
P = P? — P? X2) 
p-Ppez —P°X2 
Po_ P= ee MN L (2) 
AP = P? X2 


Where P?—P = lowering in vapour pressure of solvent (A P). 
Therefore Raoult's law can also be stated as the lowering in vapour pressure is directly 
proportional to the mole fraction of solute. Rearranging equation (2) we get another form of 


Raoult's law. 
P*-P 
P? =. X, 
AP 
pe = x, 
BERT . SS 
pP or -AP is relative lowering in vapour pressure of the solvent. Raoult's law can 
pe 


also be stated as the relative lowering in vapour pressure is equal to the mole fraction of 
Solute, Lowering in vapour préssure depends on temperature whereas relative lowering in 
vapour pressure is independent of temperature. 

Raoult's law for ideal solütion of two volatile components (liquids) 

Raoult's Law also governs the vapour pressure of mixtures of two or more volatile 
Components, The vapour pressure of each component is determined by its mole fraction and the 
Vapour pressure of the pure component. The total vapour pressure always lies between the 
Vapour pressures of the pure components, and is determined by the mixture composition 


Example 10.12 


What are the partial pressures of benzene and toluene in a solution in which the mole 
fraction of benzene is 0.6? What is the total vapour pressure? The vapor pressure of pure 
enzene is 95.4 mm Hg and the vapour pressure of pure toluene is 28.4 mm Hg at 25°C. 


Problem Solving Strategy 
Remember that the sum of mole fractions of all the components of solution is unity. 
Mole fraction of benzene is given find the mole fraction of toluene. 


ur Ex 
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3. Find the partial pressure of each component of solution using formula. 
4. Find total pressure by adding the two partial pressures. 


lution 
^ If Xbenzene = 0.6, then Xtoluene = 0.4 because 1 - 0.6 = 0.4. 
Now that we know the mole fractions and vapor pressures. 
Pbenzene = XbenzeneP?benzene = (0.6) (95.1 mm Hg) = 57.1 mm 
Hg Ptotuene = XtolueneP toluene = (0.4)(28.4 mm Hg) = 11.4 mm Hg 4 
The total vapor pressure is simply the sum of the partial pressures: 
Ptotat = Phenzene + Ptuotene = 57.1 mm Hg + 11.4 mm Hg = 68.5 mm Hg 
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10.3.1 Causes of Lowering in Vapour Pressure 


Every liquid has a definite vapour pressure at a particular temperature (see Chap 5). In a 
pure liquid, all the surface particles are that of the liquid. But in a solution containing a nonvolatile 
solute, both solute and solvent particles occur on the surface. The solute particles decrease the 
number of solvent surface particles, (see © © o 
figure 10.5). OE ad 

Decreasing the number of surface x 
solvent particles decreases the rate of 
evaporation of the solvent, which decreases 
the vapour pressure. Thus the vapour 


N. pressure of a solution containing a nonvolatile 
solute is always less than the vapour pressure 1a) 
of the pure solvent. 


Figure 10.5: lowering of vapour pressure 
10.4 COLLIGATIVE PROPERTIES OF SOLUTIONS CONTAINING 
NON-ELECTROLYTE SOLUTES 


The presence of solute always lowers the 
vapour pressure implies.@ higher boiling poi 


(ii) Boiling point elevation 
(iii) Freezing point depression 
(iv) Osmotic Pressure. 

' The study of colligative Properties has 


10.4.1 Lowering of Vapour Pressu 
Whe a non-volatile and non electrol yte sol e is d S nt, th è esc i 
l soluti i i e ét ! 
i i i Issolved In a solvent, À 


rom Sul : isa ur 
pressure is lowered (see section 10.3.1) rface of the Solution decreases. Thus its vapo 


Provided methods of molecular weight determination: 
re 
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According to the Raoult's law relative lowering of vapour pressure is equal to mole fraction 


of solute. 
P 
DX 
p? 2 2 
If nı and ne are the number of moles of the solvent and solute respectively, then 
X2 z n; 
n, e) n; 
AP. 
SOMME i MEDI 
P n, +n, 
Since for dilute solutions nz««n:, nz can be ignored in the denominator 
BLU, 
p? n 


1 


If Ws and W2 are masses of solvent and solute while M: and M2 are their molecular masses 
respectively, then 


m= w and n= MA 
M, ] 
So AE = W, /| M, x 
P WM, 
A W,xM, 
Pe M,xW, 
Or M = W,xM,xP* 
W, x AP 
Thus molecular mass of a non-volatile solute can be calculated from this equation. 
Example 10.12 


When 106.3g of an organic compound M dissolved in 863.5g of benzene, the Vapour 
Pressure of benzene is lowered from 98.6torr to 86.7torr. Calculate the molecular mass of M. 


Solution 
Po = 98.6 torr 
» = 86.7 torr 
AP = pe_p 
= 98.6 — 86.7 
= 11.9 torr 
We = 106g 
Wi = 863.5g 
M = 78g/mole 
W, xM, x P° 
Me W,x AP 


106.3gx 78g / mole x 98.6 torr 
7  B63.5gx11.9torr 
= 79.56 g/mole 
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10.4.2 Elevation of Boiling Point 

A liquid boils at a temperature where its vapour pressure becomes equal E the am ospheric 
pressure. When a non-volatile and non-electrolyte solute is added to a so! yon , its vapour 
pressure is decreased (see section 10.3.1). Thus solute particles oc e s number of 
solvent surface particles. This decreases the rate of evaporation of solvent, whic! 5 eee the 
vapour pressure. Therefore, a solution must be heated to a higher temperature ay e boiling 
point of pure solvent to equalize its vapour pressure to the atmospheric pressure. us addition 
of solute to a pure solvent causes an elevation of the boiling point of solution. 1 

The difference between the Boiling point of solution and that of pure solvent is called 
Elevation of Boiling Point. 


Quantiative Aspects of Boiling Point Elevation s 
Experiments have shown that when one mole of non-electrolyte and nonvolatile solute is 
dissolved in 1 kg of water boiling point is raised by 0.52°C. This value is known as the molal 
boiling point elevation.constant (ebullioscopic constant) for water. Figure 10.6 shows how 
the vapour pressure influences the boiling point. Curve AB represents variation in vapour 
pressure of pure solvent with temperature. 
The solvent boils at temperature T: when 
its vapour pressure becomes equal to the 
external pressure P^. The curve CD 
represents variation in vapour pressure of 
solution with temperature. This curve must 
lie below that of pure solvent. This is 
because the vapour pressure of solution af 
all temperatures is lower than that of ‘the 
pure solvent. The solution will boil at higher 
temperature T2 to equalize its vapour 
pressure to external pressure P?. 
The difference of two boiling points gives 
the elevation of boiling point (AT, ) 


AT, = T-T,  Flgure0.6:Elevation of boiling point = temperature curve 


Bae magnitude of the boiling point elevation is directly Proportional to the molality of 


AT, a m 
Al AK mee (1) 


The constant Ks is called molal boili i i i i 
For/timólalidokctien. b oiling point elevation constant or ebullioscopic constant. 
ATi e K, 

Thus elevation of boiling point when 1 mole of non 
dissolved in 1 kg of solvent is called molal boiling poi 
K» depends only on the nature of the solvent and is independent 

of . The 
nature of solute does not effect boiling point elevation as | OO cavit 


à : ong as the solute does not ionize. 
The molality m of the solution containing W2 g of solute of molecular mass M; dissolved in 
W; g of the solvent is given by ` à 2 


"volatile, non-electrolyte solute is 
nt elevation constant. The value of 
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2 W, x 1000 

M, x W, 
Substituting the value of m in eq(1) we have 
K, x W, x 1000 


m 


aT, = 
M, x W, 

Mm, = o K *W,x1000 
AT, x W, 


This equation is used to determine the molecular mass of solute. 


Fi Self Check Exercise 10.6 


Calculate the boiling point of a solution containing 12.59 of benzoic acid, C,H,O, in 110g of benzene. 
Boiling point and K, of benzene are 80.1*C and 2.53 respectively. (Ans: 82,637°C) 


Example 10.13 
Cholesterol is an important compound in our body. If 4.5g of cholesterol is added to 100cm? 
. Of pure Benzene at 5.5°C, the temperature rises to 6.07 °C. The volume of solution 
becomes121.5 cm? (density =0.897g cm’). Calculate the molecular mass of Cholesterol. 
(Ki 5.12) 
Solution: 


Mass of Cholesterol 
Mass of Benzene 


Boiling Point of Benzene = T4 = 5.506 
Boiling Point of Solution = T2 = 6.07*C 
Ko for Benzene =5.12 
Volume of solution = VÆ 121.5 cm? x 
Density of solution = = 0.897 g cm" 
Molecular mass of Cholesterol = M2 = ? 
qz 
As, V 
m=dxV 
Mass of Solution = 0.897 x 121.5 
= 108.99g 
Mass of Benzene (W1) = Mass of solution — Mass of Cholesterol 
Ww, = 108.99- 4.5 
= 104.486g 
As, AT, 7T; -T, 
AT, =6.07 -5.5 
=0.57°C 
: M, = K, x W, x1000 
| Now 2 ATbxW, 


2 4.5x5.12x1000 
0.57 x 104.486 
: = 386.86g mole" 
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Exercise 10.7 à . : 
- sweat tasting liquid used in cosmetics and candy. It is a non-volatile and 
K What is the freezing point of an aqueous solution that is 0.25m glycerol? 


* , (Ans: 0.465/C) | 
10.4.3 Depression in Freezing Point 


The freezing point of a substance is the temperature at which liquid and solid phases of a 
substance co-exist in equilibrium. At this temperature liquid and solid phases of the substance 
have the same vapour pressure. 1 

But when a non-volatile and non-electrolyte solute is added to a solvent, its vapour 
pressure is decreased (see section 10.3.1). This decrease in vapour pressure of a pure Solvent 
will decrease the freezing point of the solution. The solution will freeze. at a temperature at which 
vapour pressure of both solution and solid solvent are the same. This means solution will freeze 
at a lower temperature than that of the pure solvent. 

The difference in the freezing points of pure solvent and solution is called the 
depression of freezing point. j 


Quantiative Aspects of Freezing Point Depression 

The vapour pressure influences the freezin 

for the pure solvent. The solvent freezes a 

its vapour pressure is P°. The portion of 
curve BC indicates a rapid change of va 

The curve DEC is for the solution. 


g point; as shown by Figure 10.8. Curve ABC is 
it temperature T: corresponding to the point B when 
the cure BC is for the solid Solvent. Greater slope of 
pour pressure with temperature. 

It meets curve BC at point E which is freezing point of 
Solution T2 when its vapour pressure is P which is lower 
than P^. This is because vapour pressure of solution is 
` always less than that of the pure solvent. 


The Difference between the two freezing points gives 
the depression ofthe freezing point AT. 
AT, "E T, x Ip 
Experimentally AT, c m 


nd is independent of the solute 
affect the freez 
doesn't ionize. Ing point depression as long as the solute 
The molality m of the solution containing W2 g of solute of i 
3 molecul; i din 
Wi g of the solvent is given by ar mass M» dissolve 
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m = W, = 1000 
M, x Wi 
Substituting the value of m in aq (1) 
We have 
Ae = K, x W, x 1000 
M, xW, 
Rearranging 
Me =  K,*W,x1000 
AT, x W, 
This equation is used to determine the molecular mass of solute. 
Example 10.14 


In large quantities, the nicotine is a deadly poison. If 3.62g of nicotine is added in 73.4 g 
of pure water (solvent) the freezing point of solution is —0.563*C. Determine molecular mass of 
nicotine. (Kr=1.86) 

Solution 
Mass of Nicotine = W, = 3.62 g 
Mass of water = W, = 73.4g 
Ki for water = 1.86 
Freezing point of water = T, = 0°C 
Freezing point of solution = T, = -0.563°C 
Molecular mass of nicotine = M, = ? 


AT =T,-T, 
= 0 — (-0.563) 
= 0.563°C 
Now 
M, = — K*W,*1000 
j AT, x W, 
M. x 1.86 x 3.62 1000 
3 73.4 x 0:563 
M = 162.93g.mole"* 


Thus molecular mass of nicotine is 162.93g mole" 


eck Exercise 10.8 
is a substance found in green leafy vegetables. It is needed by the body to produce 
A solution of 55.8 mg of vitamin K, in 1.048g of Benzene (freezing point of 
) has a freezing point of 4.850 °C. K, for benzene is 
molecular weight of Vitamin K4? (Ans: 450.596 g.mole") 
( O, is added to automobile radiator to prevent cooling water from 
2:582 

of ethylene glycol solution that contains 2kg ethylene glycol 
4.86°C/m). Also calculate the boiling point of this solution 


(Ans: F.P = -11.99°C, B.P = 103.35°C) 


==] 
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Daily Life Applications of Depression of Freezing 
Point and Elevation of Boiling Point - . 
Ethylene glycol is used as an antifreeze. It is 
nonvolatile in character and completely miscible with 
water. When mixed with water it not only lowers the BACCI This ts because tt depress 
freezing point but also raises the boiling point. In ACHAIA scio MM 
winter it protects a car by preventing the liquid from | the freezing pointe i 
freezing whereas in hot summer it protects the radiator from over heating. ; 1 
The principle of freezing point depression is also used to prepare a freezing mixture for use 
in an ice cream machine. For this purpose NaCl or NaNO, is used to lower melting point of ice, 


10.4.4 Osmotic Pressure 


DO YOU KNOW 
De-icing of aeroplane is based om 
freezing point depression. Think how? 
Ice on frozen roads and sidewalks melts 
when sprinkled with salts such as Nac} 


Osmotic pressure is the pressure which needs to be applied to a solution to prevent 
the inward flow of water across a semipermeable membrane. It is also defined as the 
minimum pressure needed to nullify osmosis. 

The osmotic pressure of a 


n ideal solution with low concentr: 
using the Morse equation (nam 


ed after Harmon Northrop Morse) 


ation can be approximated 


n = MRT 
Where n is osmotic pressure 
| Mis the molarity 
‘ R=0.0821 dm? atm K+ mol" is the gas constant 
y Tis the thermodynamic (absolute) temperature 
Certain animal membranes 


More concentrated 


Solvent Less concentrated 
solution 


solution 


Semipermeable 


Time 
membrane 


. Figure 10.10: The phenomenon of Osmosis 
A solution inside the bulb is separated from 


ure sol i i 
membrane as shown in figure 10.10. f TERIS beaker agamsa 
As time passes the volume of 
t 
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10. Solutions and Colloids ae 
Most important applications of osmosis are found in living organisms. If red blood cells are 


placed in pure water, the cells expand and ultimately rupture as a result of water entering the 
cells through osmosis. The osmotic pressure of the fluid inside the cell is equivalent to that of 
0.95% NaCl solution. Thus if cells are placed in 0.95% solution of NaCl, there is no net flow of 
water through the cell walls and the cell remain stable, this solution is said to be isotonic. 
Solutions having same osmotic pressures are called isotonic solution. If concentration of NaCl 
solution is greater than 0.95%, water flows out of the cell walls and the cell shrinks. This NaCl 
Solution is hypertonic. If concentration of NaCl solution is less than 0.95%, water flows into the 
cell and the solution is called hypotonic. 

Daily Life Applications of Osmosis 


The osmosis phenomenon manifests itself in many interesting daily life applications. 

1. Biochemists use a technique called haemolysis to study the contents of red blood cells. 
These cells are protected from the external environment by a semi permeable membrane. 
Red blood cells are placed in a hypotonic solution. Since hypotonic solution is less 
concentrated than the interior of the cell, water moves into the cells. The cells swell and 
eventually bursts releasing haemoglobin and other molecules. 

2. Osmosis is the major mechanism for transporting water upward in plants. Because leaves 
constantly loose water to the air by a process called transpiration. As a result, leaf fluids 
become more concentrated than the ground water. Thus water enters membranes in the 
roots and rises into the tree. It can create an osmotic pressure that can exceed 20 atm in 
the tallest trees. 

3. A large quantity of sugar is essential to preserve jam and jelly. This is because the sugar 
helps to kill bacteria that may cause botulism. When a bacterial cell is in a hypertonic 
solution, the intracellular water tends to move out of the bacterial cell to the more 
concentrated sugar solution by osmosis. This causes the bacterial cell to shrink and 
eventually to cease functioning. 

4. Food is preserved by coating,with salt, which produces hypertonic solution. Thus food 
coated with salt causes microbes on the surface to shrivel and die from loss of cell water. 


10.4.7 Reverse Osmosis 


If a solution in contact with pure solvent across a semipermeable membrane is subjected 
to an external pressure equal to osmotic pressure, it stops osmosis. If external pressure is 
greater than solution’s osmotic pressure, it will force solvent to flow from solution to the 
Solvent. This process is called reverse osmosis. 


Daily Life Application of Reverse Osmosis >30 atm pressure 

., Sea water is highly hypertonic to body 

fluids and thus is not drinkable. By reverse 
Psmosis it is subjected to desalination 
(removal of dissolved salts) to make it 
drinkable, Desalination plant (as shown in 
Sure 10.11) remove large amounts of 


dissolve salts from sea water. The sea water | pure 


Osmotic membrane 


q, Dumped under high pressure (>30 atm) [waterout 


| all Sugh the semipermiable membrane, which Schema 
OW Water molecules to pass and stop ions. ^ Seawater by reverse osmosis 
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10. Solutions and Colloids 


r3 Self Check Exercise 10.9 


Rank the following aqueous solutions in order of decreasing . 
(a) boiling point (b) freezing point (c) vapour pressure (d) osmotic pressure 
i) 0.02m urea ii) 0.02m glucose 


10.5 COLLOIDS 


A heterogeneous mixture of tiny particles of a substance dispersed through a medium 
is called colloidal dispersion or a colloid. The particles are called colloidal particles or the 
dispersed phase and the medium is called the dispersion medium or continuous phase 
(solvent). In a colloid dispersed phase is like solute in a true solution and dispersion medium 
corresponds to the solvent in the true solution. The dispersed or suspended particles are single large 
molecules or aggregates of molecules or ions ranging in size from 1 6:10? nm. This means these 
particles are bigger in size than those of true solutions. These particles are visible in electron 
microscope but invisible in ordinary microscope. For example, Milk, mayonnaise, smoke, rubber, 
foam, soap, fog, mist, gem stones like black diamond, opal etc; are colloids. 

When a protein crystal is dropped into water. The polymer molecules dissolve to produce 
a colloidal dispersion. Such colloidal dispersions in which dispersed phase shows an affinity or 
attraction for the dispersion medium are called lyophillic (means solvent loving). The molecules 


of dispersed phase are called lyophillic molecules. Examples of lyophillic colloids are proteins, 
gum, gelatin, starch etc. in water. 


When solid AgCI is brought in contact with water 
form a colloid. Such a colloid, which cannot be made b 


10.5.1 Suspensions 


A dispersion in ‘which particles of the 
dispersed substance are visible to the naked eye 
is called suspension. Sizes of these particles are 
greater than 10? nm. This means these particles are 
bigger than those of colloids. These particles cannot 
pass through ordinary filter paper. They settle down 
under the influence of gravity. Suspensions Scatter 
and reflect light. For example, Mud or sand in water are Suspensions, 


10.5.2 Properties of Colloids 


General properties of colloids are as follows: 
1. Most colloids are cloudy or opaque, but s 
i 


Blue colour of Sky is due to the scattering 
of light by colloidal dust particles in air. 
Similarly sea water looks blue due to 
Scattering effect of light by the colloidal 
impurities in sea water. 
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3 Colloidal particles exhibit Brownian motion. This can be seen under low magnification. 
' This is because colloidal particles are pushed this way and that way by molecules of 
dispersing medium. 

4, Colloidal particles do not coagulate into larger particles and settle out. This is due to the 
fact that particles have charged surfaces. These surfaces interact with the molecules of 
dispersing medium. For example, aqueous protein has charge amino acid groups facing 
the water and uncharged groups buried within the molecule. 

5, Temperature changes affect colloids. 
Increase in temperature makes the 
colloidal particles move faster and 

| collide more often and convert little 
particles into a lump. This means 
increase in temperature causes 
coagulation. For example, heating 
milk causes coagulation of casein in 
milk. 

Colloidal particles have little power of diffusion. This is because the colloidal particles 

have very large size as compare to ordinary solute particles (see table 10.4). 

Colloidal particles can pass through ordinary filter paper but cannot pass through ultra 

filter papers. Y 

8. Colloidal particles have high surface area to volume'ratio as compared to the particles of 

true solutions. 

Colloidal particles do not settle under the influence of gravity. 


Figure 10.12: Light scattering by colloidals suspensions 


e 


zi 


EZ 


10.5.3 Types of Colloids 


. Colloids are classified according to whether the dispersed and dispersing substances are 
gases, liquids or solids. Table 10.3 lists some common types of colloids and their examples. 


10.3 types of colloids 


Colloid Type 
(Common Name) 


Nature and Composition Example 


les dispersed through a | Milk of magnesia, starch dispersed in 
water, paints, coloured glasses, gems 


Continuous network of solid through 
out the liquid medium 


Either a solid or a liquid dispersed in | Smoke (solid dispersed in air), fog (liquid 
|agas dispersed in air) 


Liquid dispersed in an another liquid | Milk, mayonnaise 


: | Bubbles of a gas suspended in a | Canned shaving cream, soap leather, 
_| liquid or a solid whipped cream 


Halwa, jellies, gelatin 


1054 Comparison of Colloids, Suspensions and True Solutions 


The Properties of a colloid depend mainly on the size, shape and charge of dispersed 


Pay f A à r 
iren Table 10.4 shows, some of the distinctive properties of colloids, suspensions and true 
ns. 
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Table 10.4: Some properties of colloids, suspensions and true solutions 


Sr. No. Properties Colloids 


Suspensions 
> 10? nm 


—À 


True solutions 
0.1 — 1nm 


through ordinary filter 
paper, but cannot pass 


2. |Phase Heterogeneous Heterogeneous Homogenous 
3. [Aggregates  |Particles are composed Particles are |Particles are composed of 1 

J of 10? to 10? atoms composed. of more|to 10? atoms 

than 10? atoms 
4. |Charge on the |Positive or negative Positive or negative or|Both positive and negative or 
particles may be neutral may be neutral | 
5. Visibility of ^ |Invisible by naked eye Visible by the naked |Indivisible by the naked eye, 
particles and ordinary micro-scope|eye and in ordinary ordinary micro-scope as well 
but visible in electron micro-scope as electron micro-scope 
i microscope qo 

6. |Filterability Particles can pass|Particles cannot pass|Particles can pass through 


through ordinary. as 
well as ultra. filter 


ordinary as well as ultra filter 
páper. 


through ultra filter paper paper. 
Dispersion of [Scatter light Scatter light ae scatter light 
i light 1 a4 
8. / |Effect of Particles do not settle Particles settle under Particles do not settle under 
gravity under the influence of 


the influence of gravity 


the influence of gravity 


Summary of the Key Terms 


íl 


molarity, molality, 
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Vapour pressure lowering, boiling point elevation, freezing point depression and osmotic 

ressure are colligative properties of solution. Adding a solute to a solvent lowers the vapour 
pressure of the solvent. This causes an elevation in boiling point and depression in freezing 
point of solution. 

Osmotic pressure causes the solvent to flow across a semi-permeable membrane when the 

concentrations of solute on either side of the membrane are unequal. 

8. Colligative properties can be used to determine the molecular weight of the solute. This is 
because these properties depend only on the number of solute particles in a solution and 
not on their identity. 

Sea water can be made drinkable by the process of reverse osmosis. 

. A colloid is a heterogeneous mixture of tiny particles of a substance dispersed through a 
medium. These particles are only visible in electron microscope. When light passes through 
a colloid, it is scattered by the dispersed particles. This phenomenon is known as Tyndall 
effect. 

. A dispersion in which particles of the dispersed substance are visible to the naked eye is 
called suspensions. 

References for additional information: 

* Silberberg, Chemistry the Molecular Nature of Matter and Energy 

* Olmsted and Williams, Chemistry, the Molecular Science 

* Zumdahl, Introductory Chemistry 

* Raymond Chang, Essential Chemistry 

* Caret, Demniston, Topping, Principles and Applications of Inorganic, Organic and 

Biological Chemistry 


F Exercise 


1: Choose the correct answer P A 
(i) 18g glucose is dissolved in 180g of water. The relative lowering of vapour pressure is; 


(a) 1 (b) 1.8 (c) 0.01 (d) 0.001 
(i) 400g of a 10% (W/W) NaOH contains 10g of NaOH in; ; 

(a) 100g of H20 (b) 110g of H20 (c) 10g of H20 (d) 100g solution. 
(iii) Which of the following W/W solutions has the lowest freezing point? 

(a) 18% glucose (b) 6% urea (c) 34.2% sucrose (d) 9% glucose 
(iv) All solutions containing 1g of non-volatile solutes will have; — 

(a) Same vapour pressure (b) Same boiling point 

(c) Same freezing point (d) all of a, b, c 


(€) Molari is; 
is) 2 of pure water E 2 (c) 55.5 (d) 18 


: ) eus 
(Vi) A solution of urea (Mol.Wt=60) is 10% (W/V). the volume in which 1 mole of it is 


dissolved will be; E 
(a) 6 dm? (b) 0.6 dm? (@) eu aa 


6. 


=o 
Se 


=a 
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(vii) The solubility of a substance decreases with increase in temperature if heat of 
solution is; , 
(a) positive (b) negative 
(c) zero (d) cannot be predicted 


(viii) Molarity of glucose solution when 9g of it is dissolved in 250 cm? of solution is; 
(a) 0.25M (b)0.2m ^ (c)O5M (d) None of these — " 
(ix) Sea water has about 6 ppm dissolved oxygen. What mass of dissolved oxygen is 
present in one kg of sea water? 


(a) 6g (b) 6 x 10?kg (c) 6 x 103g (d) 6 x 10?mg 
(x) Which of the following is not true for a colloid? , 
(a) it is heterogeneous (b) it canscatter light 


(c) it can pass through ultra filter paper 
(d) Its particles cannot be seen under ordinary microscope. 
Determine the molality of the following solutions ae. 

i) 3.5% (W/W) glucose (aq) (Ans: 0:2.m) 

ii) 9.9g NaNOs dissolved in 940g of water (Ans: 0.124 m) 
What are the freezing and boiling points of a solution prepared by dissolving 13.3g of 
ethylene glycol in 100g of water. (Ans: F.P =-3.99°C, B.P =.101.1 15°C) 
Concentrated sulphuric acid is 98% (W/W) H2SO4. Its density is 1.84g.cm?. Calculate 

i) The molality of the solution (Ans:500molal) 

ii) What quantity of conc.H,SO, is required to prepare 500cm? of 0.1M H,SO,. 


(Ans: 2.717 cm?) 


What would you expect potassium chloride, KCI, an ionic solid to be more soluble in H20 


or CCI,? Explain your prediction. 

List four factors that accelerate the dissolution process. 

Express solutíon concentration in terms 

million, parts per billion and parts per trillio 

Distinguish between the solvation of ionic 

Describe the role of solvation in the dissol 

Define the term water of hydration. 

What are colligative properties? 

Define hydrophilic and hydrophobic molecules, 

Describe on particle basis why a solution has a lower vapour Pressure than the pure 

Solvent? 

Explain osmotic pressure, reverse osmosis and give their daily life applications. 

peme heat of solution and apply this concept to the hydration of ammonium nitrate 

crystals, 

What is the effect of te 

Explain the following 

(a) Molality is independent of temperature b 

(b) One molal solution of glucose in wa 
glucose, but the number of particle: 


of mass percent, molality, 
n and mole fraction. 
Species and molecular Substances. 
ution process. 


molarity, parts per 


mperature on solubility? 


ut molarity depends on it. 


ter is dilute as compared to one molar solution of 
S Of solute is the same. 
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(c) The total volume of solution by mixing 50cm? of ethanol and 50cm? of water may not 
be equal to 100cm?, why? 


(d) NaCl and NaNO, are used to lower the melting point of ice. 

(e) In summer the antifreeze solutions protect the radiator from boiling over. 
(f) One molal and two molal solutions of urea boil at different temperatures. 
(g) Relative lowering of vapour pressure is independent of the temperature. 
(h) The sum of mole fractions of all the components is always equal to one. 


1.89g of an organic compound, A was dissolved per 85cm? of water (d=0.998g cm’). The 
boiling point under one atmospheric pressure of this solution is increased to 100.106°C. 


What is the molecular weight of A? (Ans: 109.2978.4) 
What freezing point do you expect for water in which 17.9g sucrose C12H22011 is dissolved 
per 47.6g of H,O? (Ans: -0.2045°C) 


The vapour pressure of pure water is 23.756 torr at 25°C. How much glucose would be 
added to 100g of water to bring the vapour pressure down to.23.00 torr? (Ans: 31.829) 


An aqueous solution of a compound boil at 102.4 °C. At what temperature will this solution 
freeze? (Ans: -8.585 °C) 


Water and carbon tetrachloride are not miscible. When mixed they form two layers. If an 
aqueous solution of iodine I2 is shaken with CCI}, the iodine is extracted into the CCl, 


layer. Interpret this behavior on the basis of your knowledge of intermolecular forces. 


A cucumber placed in concentrated brine (concentrated NaC! solution in water) shrivels 
into a pickle. Give argument to supportthis observation. 


— 
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This is 8 days lesson 
(period including homework) 


e Define the thermodynamics. 

e Define the terms system, surrounding, boundary, state function, heat, heat capacity, internal energy, work 
done and enthalpy of a substance. 

* Name and define the units of thermal energy. 

e Define bond dissociation energy. 

* Classify reaction as exothermic or endothermic. 

D Apply Hess's Law to construct simple energy cycles. 

e Relate change in internal energy of a system with thermal energy at constant temperature and constant pressure. 

e Use the experimental data to calculate the heat of reaction jing a calorimeter. 

e Specify conditions for the standard heat of reaction. „€ 

e Explain reaction pathway diagram in terms of enthalpy changes of the reaction. (Born Haber's Cycle). 

e Describe how heat of combustion can be used t estimate the energy available form foods. 


INTRODUCTION 


Every process in this universe whether it occurs in living cells, or in test tubes, or in the 
atmosphere or in water etc. is accompanied by an energy change. Some processes release energy, 
other require energy. However, in all these cases total amount of energy in the universe remains 
constant. The branch of thermodynamics that examines the heat involved in chemical 
reactions is called thermochemistry. In this chapter we will discuss the principles that govern 
energy changes. We will examine the role of energy in chemical reactions. We will also discuss how 
heat of a chemical reaction is measured in order to focus on the central topic of the chapter i.e., the 
amount of heat released or absorbed in a reaction. The study of all types of energy changes 
associated with physical and chemical changes is known as thermodynamics. 


11.1 ENERGY IN CHEMICAL REACTIONS 


The energy in the form of heat is either evolved or absorbed as a result of chemical 
reaction. This is because, in a chemical reaction old bonds are broken and new bonds are 
formed. Bond breaking always consumes energy and bond making always releases energy. 
When the energy released by bond formation is greater than the energy consumed by bond 
breaking, there is a net release of chemical energy. Whereas energy is absorbed, when the 
energy consumed by bond breaking is greater than the energy released by bond formation. Thus 
in chemical reactions energy is exchanged with the surroundings. 
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41.1.1 Units of Thermal Energy 
Unit of heat or thermal energy used in SI system is the Joule (J). It is defined as the 
energy required to move an object ora particle through a distance of one meter by a force 


of one Newton. 
Another common unit of heat is the calorie. It is defined as the heat or thermal energy 


required to raise the temperature of one gram of water from 14.5°C to 15.5°C. 
1 Calorie = 4.18 Joules 


11.1.2 System, Surroundings and Boundary 

The part of the universe on which we wish to focus our attention is called a system. The 
remaining part of the universe is called surroundings. The real or imaginary surface separating 
the system from its surroundings is called the boundary. 

A system in chemistry is usually the substance undergoing physical or chemical change. 

For example, in the study of reaction between limestone and hydtochloric acid solution in 
atesttube, limestone and hydrochloric acid solution form a system..The test tube and everything 
around the test tube is surroundings. Similarly in the study of thermal decomposition of a 
compound, the sample of the compound would be the system; Whereas the beaker, the source 
of heat and everything else would be surroundings. 


11.1.3 Thermochemical Reactions 

When a chemical change takes place, energy is exchanged between system and its 
surroundings. Energy has many forms such as heat, light, work etc. A chemical reaction which 
proceeds with the evolution or absorption of heat is called a thermochemical reaction. A 
balanced chemical equation which also shows heat change of a chemical reaction is 
called thermochemical equation. The branch of chemistry which deals with the heat or 
thermal energy changes in chemical reactions is called thermochemistry. 


For example í 
CO E AH? = -393.5kJ : 


There are two types of thermochemical reactions: - 


(1) Exothermic Reactions , l 
A chemical reaction that proceeds with the evolution of heat is called an exothermic 


reaction. In an exothermic reaction the-chemical system transfers energy to the surroundings 


as the reactants are converted to products e.g. burning of fuels is a highly exothermic reaction. 


The energy released can be used to neal room, or to drive an engine or to cook food. Examples 


of exothermic reactions are given below: 


() €,,*04,—— CO, AH'- 
AH? — —571.6kJ 


— 393.5kJ 


(i) 2H. + Ox, — 2H; 


in = " 
(iii) Ch AO co AH? ——110.5kJ 


2(9) 


a 
MDCATBYFUTUREDOCTORS(TOUSEEFAHMADKHAN) 03499815886 _ 


2 = 
SUC g 111. Thermochemistry 


(2 Endothermic Reactions: : 
A chemical reaction that proceeds with the absorption of heat is called an 


endothermic reaction. In these reactions heat is transferred from surrounding to the system. 
Examples of endothermic reactions are given below: 
() — Hy) + baggy —— Hlo AH? = + 53.8kJ 
(li) Ca H0, —— CO, +Hy) AH? = 4131.4 
(ili) ^ Nj, + Oxi) ——2NO AH? = +180.5kJ 


2(9) — (9) 


| Classify the following processes as exothermic or endothermic. 
(a) Freezing of water (b) Combustion of methane 


© | Sublimation of dry ice (8) HO HOn : 
(e. ) decomposition of limestone. gY 
[E N 


©- po YOU KNOW 

Ghemical reactions support our lives 
‘and assist us at home and at work. For 
instance cellular respiration is a series 
of chemical reactions that releases 
energy from the food we eat to 
"Power'all the functions and activites 
inside our body. Combustion reactions 
help release energy to heat our homes 
and move our vehicles. 


) 11.1.4 Heat of Reaction 

The amount of energy released or absorbed 
depends on the amount of substances that react. For 
example, as more fuel burns, more energy is released. 
Thus when we report an energy change we must also 
.report the amounts of the chemical substances that 
generate the energy change. For this purpose energy 
changes are expressed in terms of molar quantities of 

reactants and products. 

The amount of heat evolved or absorbed in a chemical reaction, when molar 
quantities of reactants and product are same as shown in a chemical reaction is called 
heat of reaction. 

Heat of reaction measured at 25?C (or 298K) and one atmospheric pressure is known as 
standard enthalpy change: It is denoted by AH? (for detail see section 11:51) 

Gos Oyo, AH? = —393.5kJ 

This equation shows that 1 mole of solid carbon (12g) reacts with 1 mole of oxygen gas 
(329) to give 1 mole of CO, gas (449) at 25°C and 1 atmospheric pressure and 393.5 KJ heat is 
evolved. What does the following equation show? 

() Hyg) La ——>2H,,) AH? = +53.8kJ 


Ifa reaction is exothermic when going in one direction, it will be endothermic in the 
reverse direction. When a reaction is reversed, the magnitude of AH? remains the same but 


its sign changes. 
Thus abo i one} NES 
AE ve two thermochemical reactions in the reverse direction would be represented 
CO; —— 5C, + On) AH? = 4393.5kJ 
E Hag + ko AH? = —53.8KJ 
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11.2 THERMODYNAMICS 


The study of all types of energy changes associated with chemical and physical 
changes is known as thermodynamics. 


41.2.1 State Function 

A complete description of a system, which includes its quantity, temperature, pressure and 
volume describe the state of the system. 

There are three types of systems, open system, closed system and isolated system. 

In an open system reactants and energy may be exchanged with its surroundings. In & 
closed system only energy may be exchanged with surroundings but not material. Whereas in 
an isolated system no energy and no material may be exchanged with its surroundings. In fact 
there is no ideally isolated system. It is hypothetical system used for a comparison. 

The condition of a system when various properties like temperature, pressure, 
volume, number of moles etc. of system have definite values is called state of the system. 
The initial state of a system is its state before it undergoes a change. Whereas the final state is 
its state after the change has occurred. In a chemical reaction, the description of the products 
defines the final state. 

Variables such as pressure, temperature, volume and energy depend only on the state of 
the system. A change in any of these variables depends only on the difference between initial 
and final conditions, but does not depend on the path followed. Such variables are called state 
functions or state variables. 

The properties that are determined by the state of the system regardless of how that 
condition was achieved are called state functions. E 

Change in any property of a system is determined by the difference in the value of that 
Property in the final state and the value of the same property in the initial state. 
For example 
Let V, is the initial volume of H; gas confined in a cylinder at temperature T4, and pressure 
P4. When temperature is increased from T, to T3, its volume becomes V; and pressure changes 
lo P. The changes in volume (AV) is given by the following equation. 
AV = V2- V1 
Similarly change in temperature AT and change in pressure AP are given by the equations. 
AT=T:-T; 
AP = P2- P; 
Spontaneous and non-spontaneous reactions: 

The reactions which proceed on their own and do not need any external energy to procced 

âre called Spontaneous reactions. For example emission of rays from radioactive elements, 

Urning of methane and coal. On the other hand the reations which require external energy to 

eed are called non-spontaneous reactions. For example reaction of nitrogen and oxygen 
Make nitric oxide, therm; decomposition of P2Os. etc. 


— 
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11.3 INTERNAL ENERGY E 


In every chemical process energy is transformed from one form to e eunt of 
energy transformed depends upon the energy contents of reactants and PR : im e X e 
a has definite amount of energy present in it. This energy is due to kinetic = 2a pe : Bis 
energies of the particles present in the system. The kinetic energy of the partic’ - o the 
translational, rotational and vibrational motions of particles. The potential COPA E ren all 
types of attractive forces present between the particles. These attractive forces inclu : all types 
of bonds and Van der Waal'sforces. The sum of all kinds of energies of the particles of the 
system is called as internal energy. It is denoted by E. Absolute value of internal energy of a 
System cannot be measured. However change in internal energy (AE) of a System can be 
measured. The internal energy is a state function and depends only on the initial and final states 
of the system. Thus: ^ 
AE = E2- E1 


Where E: and E2 are internal energies in the initial and final states of the System 
respectively. 


11.4 FIRST LAW OF THERMODYNAMICS 


j A system can exchange energy with its surroundings in two distinct ways. Energy can be 
transferred as heat or work. Heat and work can be transferred into or out of the system. Because 
energy must be conserved, the energy change of the system P-A PTEA 
is linked to the flow of heat and work. Fist-law of 
Thermodynamics states that s 
Energy can neither be created nor destroyed or total l A 
energy of the system and surroundings remain constant. = ds 
AE=q+w - T " 
Where AE is the change in the system's internal energy, 4i iy 
q is heat and w represents work, Work has positive sign dik Sa 
when work is done on the system and negative when see em 
work is done by the system. Heat is positive when system Figure. 11.1: Pressure — volume work 
absorbs heat and negative when loses heat. 


Consider a gas confined to a cyli 


= ~ (1) 


Work = force X distance 


w=F ———— | 
From equations 1 and 2, we get, Es s 


WISIEDOA KIA fae 


F=p 
Work done on the piston is: SN 


(3) 
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During expansion, the gas changes its volume. This volume change AV is equal to the 
roduct of area (A) and displacement (Ah). 
f AV =A. Ah 


Therefore equation 3 becomes. 
w=PxAV 

The gas (the system) is expanding, pushing back the piston against the pressure. 
Therefore, the system is doing work on the surroundings, so the sign of work should be negative. 

T w=- PAV 

Such type of work is done in an automobile engine. Heat from the combustion of the fuel 
expands the gases in the cylinder to push back the piston. The piston turns a crankshaft which 
- does work to move the automobile. This type of work is called as pressure-volume work. Under 
these conditions: 

AE =q- PAV 


| 114.1 Relationship between Internal Energy of a System and Thermal 
Energy at Constant Temperature and Pressure 
Chemical reactions are generally carried out in open containers. Therefore, these 
- reactions take place at constant pressure. This means that volume of reaction mixture 
can change. Thus, PV work can be done and heat can flow to or from the system. 
According to the first law of thermodynamics, 
AE = qp+ PAV 
Where qp is the heat transferred to the system from the surroundings. PAV is work 
done by the surrounding on the system at constant pressure. If the system does work on 
the surrounding then, 
AE = qp- PAV 
Rearranging this equation, 
Qp= AE + PAV 
If a chemical reaction involves only PV work at constant pressure, qp becomes an 
important quantity. In this.case, qp represents the heat absorbed or evolved by the 
reaction at constant pressure and is known as enthalpy change, AH. Thus, the 
thermal energy for a reaction is equal to change in internal energy (AE) of the system 
Plus PV work done by the system at constant pressure. This thermal energy change is 
called enthalpy change (AH) of the system. Therefore, 
rs NRL SINS 27 TRAY E (1) 
Thus, enthalpy of a substance is defined as the system's internal energy plus 
“e Product of its pressure and volume (H = E + PV). Absolute value of enthalpy of a 
System Cannot be measured. However, change in enthalpy of a system (AH) can be 
Measured, 
( Since enthalpy change (AH) for a reaction is measured as thermal energy or heat 
?» Nerefore it is also known as heat of reaction. For a combustion reaction, AH is also 
as heat of combustion. 
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Since, there is no appreciable volume change in reactions involving solids or liquids, 
so AV =0. Therefore, equation (1) becomes, 
AH = AE + P(0) 
s AH = AE 
Standard d change is enthalpy change at constant pressure (1 a 
constant temperature (25°C) and is denoted by AH?. Superscript zero indicates at e 
reaction has been carried out under standard conditions. Under these conditions 
reactants and products are in their standard states. (For detail see section 11.5) 
Equation (1) can be written as : 
Qp= AH? = AE? + PAV 
Thus thermal energy change for a reaction is equal to the change in the internal 


energy of a system plus PV work done by the system at constant temperature and 
pressure. 


11.4.2 Relation between Enthalpy Change and Heat of'Reaction or Heat of 
Combustion of A Reaction 

Because most chemical reactions occur at constant préssure, we can equate the heat 

change in these reactions to the change in enthalpy. This means we can define heat of a reaction 


as the change in enthalpy (AH), as the difference between the enthalpies of the products (final 
estate) and the enthalpies of the reactants (initial state). 


AH = Hproducts = Hreactants 
The enthalpy change of a reaction can be positive or negative depending upon the 


heat is released by the system to the 
Section 11.1.4) 


(see examples in section 11.1.4). Since, combusti 


heat is released by the System to its Surroundings, AH is negative (see examples in 
Section 11.5). 


11.5 STANDARD STATES AND STANDARD ENTHA| py 


ardized AH values 


CHANGES 


1. Standard State for a gas is 1 atm 
2. Standard State for an ele ; 
ment or a i 
up pla md compound is the most stable Physical state 
3. Standard State for a subst i 
S ance in a ion i 
NT pru rad PE queous solution is 1M Concentration. 
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Standard Enthalpy of Reaction (ai i?) 


The enthalpy change in a chemical reaction, when reactants and products are in 
their standard states and their molar quantities are same as shown by the balanced 
chemical equation is called standard enthalpy of reaction. Examples are given below: 


(i) Hyg) O4 ——>2H,0,, AH? —571.6kJ 
(ii) CH + 205; = >O h 2H,0, AH’ = -890.AkJ 
(i) ^ 2A\,) +Fe,O,,, — 5ALO,,,--2Fe,, AH? =-850kJ 


Standard Enthalpy of Formation (ane) 
AH? 


It is defined as the enthalpy change that accompanies the formation of one mole of 
a compound from its elements with all substances in their standard states. Standard 
enthalpies of formation of some compounds are shown in table 11.1. 


Table 11.1: Standard enthalpies of formation of some compounds .ifpkJ mole“ 
-245.1 -824,2 Natan) 
Na 


"v 


) 
CHa 


SS Nali) 


"1 
Klis 


-395.7 AgClis CH;CHO(; 
017 [ OCH 1 


£80) [635.1 | AlCl) 7042 [CHCOOH -484.5 


For writing thermochemical equation for enthalpy of formation, write elements as 
'eactants and mole of the compound as product. Show standard states of all the 
Substances, Finally balance the atoms. 

Example 44,1 


ne thermochemical equation for the formation of H,O, SO, and H,O,. Use data given 
^ table 44.4 


rete ppp 
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Solution: 
(DEUS +30 4—> H,0,) AH? = -285.8 kJ mole" 
(i) Sat Sow —SO,,,) AH? = -395.2 kJ mole 
Gi) Hyg) + Oz —— HO; AH? ——191.2 kJ mole" 


Standard enthalpies of formation of some substances are shown in table 11.1. 


3. Standard Enthalpy of Combustion (an?) 


The enthalpy change when one mole of a substance is completely burnt in excess 
of oxygen under standard conditions is called standard enthalpy of combustion. Standard 
enthalpies of combustion of some substances are shown in table 11.2. 


[Hz -285.8 CHa) -890.4 C6H6) 3268 7 
Cu(graphite) -393.5 C2He(g) -1560 C2HsOH(» -1367 _ M 
Cidiamona) -395.4 CsHis -5512 CH3CHO(, -~ -1167 
Schombic) -296.9 C2H4) -1411 CHCOOH -875 = 
S(monocinic) -297.2 C2H2() -1300 CeH1206is) -2802 

(glucose) 


For writing thermochemical equation for enthalpy of combustion, write mole of the 
element or compound and oxygen as reactant. Write oxides of the given element or 
oxides of elements present in the compound as products. Show standard states of all the 
substances. Finally, balance the atoms. 


Example 11.2 
Write thermochemical equation for the combustion of, C, CH, and H,. Use data 
given in 11.2. 
Solution: 
() C + O44 > CO AH? = -393.5 kJ mole" 
(ii) CH, + 2024) —9 CO; + 2H/0u AH; = —890.4 kJ mole 
(ii) Ha +50) — HON AH? = -285.8 kJ mole” 


4. Standard Enthalpy of Atomization (ano) 


The enthalpy change when one mole of gaseous atoms are formed from its element 
under standard conditions is called standard enthalpy of atomization. eg. 


1 

(i) 2 P9 —3 Hg AH, = +218 kJ mole" 
1 

(ii) 2 C — Clo AH? = 4121 kJ mole" 
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Standard Enthalpy of Neutralization( AHO ) 
n 


It is defined as the amount of heat evolved when one mole of H* ions from an acid 
combine with one mole of OH- ions from a base to form one mole of water under standard 
conditions. e.g. 

NaOH; + HCl, — NaCl, -- HO, AH? =- 57.4kJ mole 

Strong acids and bases ionize completely in their aqueous solutions. Thus, when solutions 
of NaOH and HCI are mixed together, the only change which occurs is the formation of water. 
Na* and CI- ions remain in solution. Thus heat of neutralization is due to the formation of water 
from H* and OH" ions. 

Naia) + OH + Hbc) + Chaa) — > Naia + Chaa) + H2O 
or Hha + OH —9H,0, AH? =- 57.4kJ mole" 


(aq) aq 


a AHP =— 57.4kJ mole 


6. Standard Enthalpy of Solution(AH®,,) 


It is the enthalpy change when one mole of a substance is dissolved in so much of 
solvent that further dilution results in no detectable heat change, under standard 
conditions. e.g., 


NH,CI,, —“2—NH;j,,.. + Cl. 
HCl... — >H; 


(9) o + Clos 


AH; — -15.1kJmole * 
AH, — —75 kJmole 


S 

Pil Self Check Exercise 11.24 

is Write thermochemical equation. form the given information. 

(a) Standard enthalpy of formation of benzene (é) is +49.0 kJ mole" 

(b) Standard enthalpy of formation of ethanol () is -277.7 kJ mole* 

(c) Standard enthalpy of combustion of acetic acid(é) is -876 kJ mole"! 

(d) When ethanol is burned in air -1367 kJ mole:'energy is released at 1 atm and 25°C. 
Which of the following equations describe a reaction for which AH? is equal to the enthalpy of 

ee of a compound, AH; 2 

b) A AI + 21076) 

A 4A +94 Oxa ——9 L0, 

c 


C05) i 22 Og ——? COxg 


— —252 Al,O4;5) 


1 

1.5.1 Bond Dissociation Energy 

alw When a chemical reaction occurs, old bonds break and new bonds form. Bond breaking 
“YS require energy and bond formation always releases energy. The amount of-energy 
red to break one mole of a particular bond to form neutral atoms is called bond 
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dissociation energy. Whereas the amount of energy released when one mole of a particular 
bond is formed from neutral atoms is called bond energy. " 

The difference between bond dissociation energy and bond energy determines whether 
the reaction absorbs or releases energy. 


11.6 HEAT CAPACITY 


The different forms of energy can be converted into one another. Any other form of energy 
can be completely transformed into heat energy. But at constant temperature heat cannot be 
completely converted into another form of energy. The amount of heat absorbed (q) by a 
substance is proportional to the temperature change. 

qAT 
q= Heat capacity x AT 
Where heat capacity is constant of proportionality. 


" Heat 
Heat Capacity = —— (1) 
SHIT 


The amount of heat required to raise the 
temperature of given amount of a substance by 
1Kelvin is called heat capacity. It is expressed in 
Joules per Kelvin. 

The amount of heat required to raise the 
temperature of one gram of a substance by 1Kelvin 
is called specific heat capacity. It is expressed ‘in 
Joules per gram per Kelvin. 


OU KNOW 
Water is.'a^major component of living 
organi: nd plants on earth. Its specific 
heat. capacity is very important property 
f A beings. Thanks to its high heat 
eee, even on very hot days, the heat 

generally not high enough to raise the 
temperature of the internal fluids in 
animals and plants significantly. 


Heat " 
masgxAT = — — nu) 


The amount of heat required to raise the temperature of one mole of a substance by one 
Kelvin is called its molar heat capacity: S.I. unit for molar heat capacity is J.K- mole“. 
Heat 


moles x AT 
If the quantity of heat q is absorbed by n moles of the substa 
from T: to Ta, its molar heat capacity C is give by the expression. 


Specific heat capacity (c) = 


Molar heat Capacity (c) 2 


nce and its temperature raises 


c= 4 
n(T,-T,) 
Since heat absorbed by a substance at constant Pressure is equal to AH. 
q, = AH 


y or AH = n CPAT 
Where Cp is molar heat capacity of the substance at constant pressure. 
When heat is absorbed by a substance at constant volume, then qv = AE. 
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q 
and C, =— 
nAT 
AE 
(oie ca 
NETT) 
AE - nC, AT 


Where Cv is molar heat capacity of the substance at 
constant volume. 


For Example, 
Specific heat capacity of Cu = 0.387 J.g ^K"! 
Molar heat Capacity of Cu = 0.387 x 63.54 


= 24.59 Jmole"K" 
Knowing specific heat capacity of a substance, its 
mass and temperature change of substance being heated 
or cooled, we can determine heat absorb or released. 
Re-arranging equation (2) we get, 


We select materials based on heat 
capacity to make everyday items 
such as pots and pans, table ware 
etc. that are subjected to heat 
during use. For example it is 
generally better to use materials 
with low-heat capacity such as 
metals for cooking utensils, pots or 
frying pan’s to ensure that the heat 


4 3 cxmxAT passes to food faster and to speed 
Similarly, if we know mole of the substance then: Up the cooking process. 
Q7-cx*xnxAT 

'j 
E S 


d e 
Self Check Exercise 11.3 AST 

Calculate the heat evolved when an Al pan 

pressure. Specific heat capacity of Al p lg. K* 


ighing 200g is cooled from 100°C to 25°C at constant 


(Ans: 13500J) 


11.7 CALORIMETRY 
Calorimetry is the science of measuring heat of a 
Chemical reaction by measuring the temperature 
change. A device that measures heat flow is called 
Calorimeter. Calorimeters measure the heat released from a 
System either at constant pressure (qp = AH) or at constant 
Volume (qv = AE). Thus there are two types of calorimetry. 


1174 Constant Pressure Calorimetry 

In constant pressure calorimetry pressure of the system 

Tien Ron this purpose we need a thermally insulated 

A Bhd with a thermometer and stirrer. For most purposes 
ee cup calorimeter is used (Fig 11.2). 


< 


ls fix 


Stirrer 


: Coffee cup calorimeter 


MDCATBYFUTUREDOCTORS(TOUSEEFAHMADKHAN) 03499815886 


g Ade Thermochemistry 


q-mxcxAT 
Where m = mass of reactants 
c - specific heat of reaction mixture 


Tw = change in temperature. 
This process can be understood by the following example. 
Example 11.3 
When 50cm? of 1.0M NaOH neutralizes 50cm? of 1.0M HCI at 25°C. The temperature rises 
from 25°C. to 31.9°C. Calculate the heat of Neutralization. (Specific heat of water = 4.2 Jg "K^. 


Density of water=1 g.cm*) 
Solution 
We can calculate the amount of heat evolved by the following equation. 
q-mxcxAT 
Volume of NaOH = 50cm? 
Volume of HCI = 50cm? 
Total Volume of reaction mixture = 50cm? + 50cm? = 100cm? 
Density of water = 1 g.cm? 
Total mass of reaction mixture(m) = 100cm?x 1g.cm? = 400g 
Raise in temperature AT = 31.9°C -25°C 
M = 6.9°C 
or = 6.9K 
Now q = mxcxAT RS) 
q z 100g »4.2J.g ~ EEGEN " 
q = 29x10) n 


| No.ofmolesofNaOH = M» Val solution cr 


Similarly, No of moles of HCI 


Considering, che 
NaOH (aq) + HCI ( rium NaCl (aq) + H,0 () 
1 mole 1 mole 1 mole 
0.05mole 0.05 rnole 0.05 mole 


Thus formation of 0.05 moles of water release heat = 2.9 x 103 J 


Formation of 1 mole of water will release heat = 2-9 * 10° 

0.05 
5.8 x 104J mole 
58.0 kJ mole 


Since heat ís evolved at constant pressure, 
gp = AH; =- 58.0 kJ mole - 


ui... 11.4 PES 

data shows that g JM HCI solution is mixed with 25.0cm? of 0.35M NaOH 
ina calorimeter, complete n « temperature of the calorimeter changes from 25°C 
to 26,07°C. Use thig data to deter iralization for the reaction. — (Ans:;-57.78kJ) 
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472 Constant Volume Calorimetry (Bomb Calorimetry) 


Constant volume calorimetry is used for accurate 
determination of the enthalpy of combustion for food, fuel 
nd other compounds. A bomb calorimeter is used for this 
sae. Chemical reaction in a bomb calorimeter takes 
jace under constant volume conditions. A bomb 
calorimeter is shown in fig 11.3. It consists of a strong 
closed vessel (the bomb) immersed in an insulated water 
bath. 

We can understand this by the following example. 


Example 11.4 

When 1.8 g of glucose is burned in a bomb 
calorimeter in the presence of Oxygen at pressure of 
25 atm at 25°C. The temperature of water rises to 
31.52°C. Heat capacity of calorimeter = 4.321 kJK*. 


Calculate the heat of combustion of glucose. Figure 11.3: Bomb calorimeter 
Solution 
Increase in temperature = AT= 31.52°C - 25°C 
= 6,52°C 
Heat evolved = AT x total heat capacityof calorimeter 
= 6.52 x 4:321kJK* 
= 28:1729 kJ 
No. of moles of glucose burnt Sak 
180 g.mole* 
= 0.01 moles 


Since 28.1729 kJof heat was evolved for 0.01 moles of glucose the heat of 


: = 28.1729g 
combustion of glucose per mole 0.01mole* 
= 2817.29 kJmole™ 


Since heat is evolved at constant pressure, 
Qp = AH? = ~ 2817.29 kJmole". 


"i Self Check Exercise 11.5 


d Oils are a rich source of energy. They provide more energy as compared to 

EU. Ydrates and proteins. When 1.0g of a typical fat glyceral trioleate, C5; Hio,Os is burnt 

lof eo in a bomb calorimeter at 25°C raises its temperature by 8.77°C. Total specific heat 

T orimeter is 4.321 kJK-1. List important steps you will use in the determination of heat 
“nt of this fat, calorimetrically. Calculate also amount of heat available from this fat. 


(Ans:33535.3 kJ mole") 
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11.8 HESS’S LAW 

Enthalpy is a state function; therefore, enthalpy change in a chemical reaction in going from 
some initial state to some final state is independent of the path followed by the reaction, Thus in 
going from a particular set of reactant to a particular set of products, the change in onthalpy is 
the same whether the reaction takes place in one step or in many steps. This principle is known 
as Hess's law. 

G.H. Hess stated this law in 1840. It states that the enthalpy change in a chemical 
reaction is same whether the reaction takes place in a single step or in several stops, 
Mathematically ~ AH (Cycle) = 0 

Suppose a reactant A changes into the product B in one step and enthalpy change in this 
step is AH. Now suppose this change takes place in three steps, involving a change from A to 
C, C to D, and finally D to B as shown below: 

Initial AH Vinal 


State a - ay State 
AH, AH, 
EIL >D 
Fig. 11.4 
If AH1, AH2 and AHs are enthalpy changes in these Steps, as shown in the figure (11,4), 
Then according to the Hess's Law. AH = AH; +AH; + AH, 
Example 11.5 
Combustion of C to CO2 evolves 393.5 Ku of energy. 
€, + O44, —9 CO; AHP= -393.5kJ 


This reaction may takes place in two Steps. 


1 ; 
Ci + 5049 —9 00,5 AMP = -110.52kJ 


CO, +4049 —00,,,  AHj--282.98kJ 
Net reaction Cie) + Oroi CO, AH? +H = -393.51 kJ 


Thus the enthalpy change in a chemical reaction is independent of the path followed. 
Fig.11.5 shows energy cycle for this reaction. 


C(s) + O2(s) C(s) + % Op (g) 


AH?) = -110,52k) 


CO (g) + 4 O; (g) 
AH? = -393.5k) 


H (KJ) 


AH? = -282,98k) 


CO; (g) 


l 
| 
CO; (g) | 
Energy cycle for the reaction between C(s) and Oz to produce CO; (g) 


Figure 11.5 : 
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There are many compounds which cannot be prepared directly from their elements. Some 
of these compounds cannot be decomposed into their constituent elements. e.g. CCl,. Some 
elements do not burn completely due to the formation of a protective covering on their surface. 
Such as Al, B etc. Thus enthalpies of formation of CCl;, Al,O3, B;O; etc cannot be determined 
directly by calorimetery, Hess's law is particularly useful for determining enthalpies of formation 
of such compounds. 


Example 11.6 
Enthalpy of formation of methane cannot be measured directly. By the application of Hess's 
law it can be determined indirectly from the enthalpies of combustion for CH4, H2 and C. 


(i) CH44 + 2020) ——9CO,,, + 2H,O, AH? = -890.4kJ mole" 


(0 


1 
(i) Hag + 29:9 —7H,0 AH? = -285.5kJ mole" 


AH? = =393.5kJ mole 
(v) C + 2H; AF yep AH??? 


To obtain AH? for the required reaction we must some:how combine equations i, ii, and iii 
to produce that reaction and add the corresponding A H® values. This can be done by focusing 
on reactants and products of the required reaction. The reactants are Cis) and 2H» and the 
product is CHa(g. How can we obtain the correct.equation? Reaction (iii) has Cis) as reactant 
which is needed in the required equation. Thus-equation (iii) will be used as such. Equation 
(li) has Hz) as reactant but the required equation needs 2H», thus equation (ii) will be used 
after multiplying by 2. Equation (i) has CHaig) as reactant, but this is needed as product in the 
required equation. Thus reaction (i) must be reversed and the sign of AH? is changed 
accordingly. Adding the equations and deleting the species that occur on both sides we get. 


(i) Cj) + Ox) CO 


2(g) 2(9) 


CO, + 2H,O,) ——9 CH aig) + 20210) AH? 890.4 kJ 
2H, + Ong) ——52H,0 AH? = -571.6 kJ 
AH? = -393.5 kJ 


C + Ox, —9 CO» 


oa m -1 
Ci 2H, e AH? = —74.6 kJ mole 


This gives the required equation and its enthalpy. 


11.8.1 Enthalpies of Reactions from Enthalpies of Formation 


Itis often convenient to calculate the A H° values for a reaction from values of the standard 


enthalpies of formation, AH? of the reactants and products. For a given reaction: 
AH? = Y coeffA H? (products) - £ CoeffA H; (reactants) 


Where coeff = Coefficient ; uo 
Elements i in their standard states are not included in the A H? reaction calculation i.e. AR? 


for a reaction is multiplied 
sran element d state is zero. When balanced equation , 
an integer, fences m for that reaction should be multiplied by the same integer. 
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Example 11.7 j e 
racine A H° for the following reaction, which take place when gasoline burns in internal 
combustion engines. Where the values of AHeare -269kJ, 0 kJ, -393.5 kJ and 


-285 kJ for CyHygyy» Os. CO, and H,O,, respectively 
2C, Hi + 2504, —916€05, + 18H,0% 


Solution: $ ‘ 
AH®, ion = > coeff, AH? (products) — >) coeff, AH; (reactants) 
= [16x AH? for CO, +18 x AH? for H,O,]- 


[2x AHP for C,H...) + 25x AH for Ozo] 


16(-393.5 kJ) + 18 (-285.8 kJ) - 2 (-269 kJ) - 25(0) 
-6296 kJ - 5144.4 kJ * 538 kJ * O 

-11440.4 kJ * 538 kJ 

-10902.4 kJ 

-1.09 x 10* kJ 


Example 11.8 
Calculate AH? reaction for the following reaction. This reaction takes place in the tissues of 


the living organisms. Where the values of ^H; are'-1258.18 kJ, 0 kJ, -393.5 kJ and -285 kJ for 
C;H420gi, O5. CO2) and HO, respectively 
Solution: 
C,H,,0, + 605, —— > 6COZi,) + 6H,0,) ARN 
AH Reaction = > Coeff, AH, (products) — >’ coeff, (AH? (reactants) 
AH scion = | GAH?CO; 5, F CAH? (H.0,))| 
= [AH?C,H,,0, + 6AH;O,,.)] 
[6(-393.5kJ)+6(—285.8kJ] — [-1258.18kJ + 6x0] 


[-2361.0kJ — 1714.8kJ] — [-1258.18kJ] 
—4075.8kJ + 1258.18kJ 


"onm n n 


—2817.62kJ 
This means one mole (180g) of glucose provides 2818.82 kJ energy. Therefore energy 
provided by one gram of glucose will pe 2817.62 kTmole * -15.65kJ 
180 gmole" i 3 


11.9 BORN HABER CYCLE 
This is special application of Hess's law to binary ioni "si 
lattice energies of binary ionic compounds (M*X?). — con 
The change in energy that takes place when 


se i acked 
together to form one mole of an ionic solid is called =< uer 


lattice energy. 
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Mg) + Xia) — MX, 
Lattice energy cannot be determined directly. However it can be determined indirectly by 
| means of Born Haber cycle. Consider the case of NaCl. Its standard enthalpy of formation 
(sH®) is -441kJ mole“. The formation reaction can be considered as taking place in several 


steps, one of which is the formation of lattice. This complete sequence of reaction is called a 


cycle (Fig.11.6) : 

Step-l: Sublimation of solid sodium. The energy of sublimation for Na(s) is 108 kJ mole" 
| Na... —Na,,) AH? = +108 kJ/mole 

Step-ll: lonization of Na) atom to form Nato) ion. This process corresponds to the first 


ionization energy for Na. 


Na, ——9Na,,-le ^ AH?-= + 496 kJ/mole 


Step-lll: Dissociation of Clz molecules. We need to form one mole of CI atoms by breaking 
the CI-CI bond in i mole of Cl» molecules. The energy required to break this bond 


is 121 kJ/mole and is known as enthalpy of atomizationfor Cla. 


| $C AH, = +121 kJ//mole 


All these three steps are endothermic and are drawn upward in the figure (11.6). z 
Step-IV: Formation of Cho) ion. Energy is released inthis step equal to the electron affinity 
for Cl. 


Clio) 


Cl, +16 —>Cl,, AHAW = -349 kJ/mole 
Step-V: Formation of solid NaCl from the gaseous Na* and CI ions. This corresponds to 
the lattice energy (AH)) for NaCl) which is to be calculated. 
Naj,) + o —NaGl,,) AH, =? a 
Since the sum of these five steps gives the overall reaction and the sum of the individual 
energy changes give the overall energy change. Thus 
AH? = AH? ABE AH), + AHE, + AH? 
-411kJ = + 108kJ + 496kJ + 121kJ + (-349kJ) + A H? 


AH? 441kJ — (108 kJ + 4961kJ + 121kJ.— 349kJ) 


| AH; = -787kJ mole" i 
Thus lattice energy of NaCl is 787 kJ/mole. / 
t 
| Na, —oMNA ee 
: Na, —— Nai, + 1e 2nd Step 
| 1 rd 
| 2 Clg —23 Clg Soe 
Cl) + de —> Clo Aston 
Naj + Cl,,—— NaCl, 5" Step 


(9) 


Net reaction 


Na, m : Cho ——> NaCl.) 


Re v 
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p = ee 
Electron affinities of atoms are usually calculated from Born-Haber cycle because m 
difficult to determine electron affinities directly. = 


Nat (y + € + Clo) 


AH; 


1 
Nata) +e + 5; Cb AH, 
349kJ 
JEn NM 
Na* (q+ CF (a) 
AH: 

a Naio) + 4 Cl2 (9) | 

3 AH; Hi 

5 


Nais) + 4 Cle (9) 


AH? 


Summary of the Key Terms 
e The branch of chemistry which deals with the 


jes i ^ i a 
known as thermodynamics. x e With chemical and physical 3 

e The condition of a system when vari volum 

number of moles etc of system have 
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The properties that are determined by the state of the system regardless of how that condition 
was achieved are called state functions. 


The sum of all kinds of energies of the particles of the system is called as internal energy. 
Thus, enthalpy of a substance is defined as the system's internal energy plus the product of 
its pressure and volume (H = E + PV), 

The amount of heat required to raise the temperature of given amount of a substance by 
{Kelvin is called heat capacity. 

A device that measures heat flow is called calorimeter. 

Hess's Law states that the enthalpy change in a chemical reaction is same whether the 
reaction takes place in a single step or in several steps. 

References for Further inFormation: 

» Martin Silberberg, Chemistry, The Molecular Nature of Matter and Change 

* Steven S. Zumdahl, Chemistry 

* Olmsted Williams, Chemistry, The Molecular Science 

* Bonder Pardue, Chemistry, An experimental Science 

* Darrell D. Ebbing, R.A.D Wentworth, Introductory Chemistry: 

* Raymond Chang, Essential Chemistry 

* Graham Hill and John Holman, Chemistry in context 


5] Exercise 


1. Choose the Correct Answer 
(|) Which of the following substances have zero value for their standard enthalpy of 


formation? 

(a) Os (b) HO (c) ZnO (d) None of these. 
(i) Calorie is equivalent to; f 
| (8) 4.18J (b) 4.18kJ (c) 0.418J (d) 0.418kJ. 


| (il) Enthalpy of neutralization of all the strong acids and strong basis has the same value due to; 
(8) The formation of salt and water 
| (b) The formation of salt 
(c) The complete ionization of acids and bases 
(d) The combination of H* and OH' ions to form water. 
(iv) Total heat content of a system is called; 


(a)Enthalpy (b) Internal energy (c) Heat (d) State function 
() Heat of of a substance is always negative. 
(a) Formation (b) Combustion (c) Decomposition (d) Solution 

(Vi) A balloon filled with oxygen is placed in a freezer. Identify system; 
(a)Balloon (b) Oxygen (c) Freezer (d) Allof these 

(Vil) A bomb calorimeter is used in calorimetry. 
i (a) Constant volume (b) Constant pressure 
3 (c) Both a and b (d) Constant temperature 
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(viii) Born Haber cycle is used to determine lattice energies of; 
(a)Molecular solids (b) Ionic solids (c) Covalent solids (d) Metallic solids 
(iX) q= AH when; 
. (à AV=0 (b)P=0 (c) AE-0 (d) None of these 
(x) Enthalpy of combustion for C is -393.5 kJmole* 
€, + Og) > CO; A H?combustion = -393.5 kJmole* 
Enthalpy of formation of CO, would be; 
(a) *393.5 kJ (b) -393.5 kJ (c) Zero 
(d) Cannot be predicted form the.given equation. 
(xi) Which of the following is not a state function of a system? 
(a) Thermal energy at constant pressure (b) Enthalpy 
(c) Internal energy (d) Work done 
(xii) For writing a thermochemical equation for enthalpy of combustion of an element requires; 
(a) 1 mole of element as reactant (b) 1 mole of oxide of element as product 
. (c) Standard states of all the substances (d) Balanced'equation of 1 mole of element 
1.a 2.a,b 3.a,c, d 4.8, b, c, d 
2. Name and define units of thermal energy 
3. Define the terms system, surrounding, boundary, slate function, heat capacity, internal 
energy, enthalpy of a substance. 
4. Classify reactions as exothermic or endothermic. 
5. Define bond dissociation energy. 3 
6. When:ethanol burns in oxygen, carbon dióxide and water are formed. 
(a) Write the equation which describes'tliis reaction. 
(b) Using the following data, calculate'the enthalpy of combustion for ethanol CHOH. 


AH? for ethanol(¢) = -277.0 kJmole"* 
AH; CO2) = -393.5 kJ moleŬ TAH? water = -285.8kJmole"! 

7. Calculate from the data:in table 11.1 and 11.2, the enthalpy changes of the following 
reaction at standard conditions. 

C Hg — 9 6 3H; (Ans: -49.6 kJ/mole) 

8. The heat of combustion of liquid benzene, CeHs to form H20 and CO» at 1 atm and 25°C is 
—3268 kJmole of benzene. What is the heat of formation of liquid benzene under these 
conditions? (Ans: +49.6 kJ/mole) 

9. State and explain First law of Thermodynamics. i 

10. Calculate the work associated with the expansion of a gas from 50dm? to 68dm? at a 
constant external pressure of 10 atm. (Ans: 180:atm.dm?) 

11. Camphor (C10H160) has a heat of combustion of 5903.6 kJ/mole. A sample of camphor 
having mass of 0.1204g is burned in a bomb calorimeter. The temperature increases by 
2.28°C. Calculate heat capacity of the calorimeter. (Ans: 2.04531kJK") 

12. Ina coffee-cup calorimeter 100cm? of 1.0M HCI and 100 cm? of 1.0M NaOH-are mixed at 
24.6°C raised temperature by 6.9°C. Calculate the enthalpy of neutralization of HCl by 
NaOH from the given data. Heat capacity of water is 4.18 J/gK. (Ans: -57.684 kJ/mole). 
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alculate AH" for the reaction 

So) + Ox) cm SO 

from the following data 
B o 

So 82029) — SO AH® = —395.2 kJ 


28055055 »28055 AH? ——198.2 kJ 


2(g) 


, An aluminium frying pan weighs 745g is heated on a stove from 25°C to 205°C. What is q 


for the frying pan? C» for Al is 24.35 Jmole:!iC* (Ans: 120938.3 J) 


, Write the balanced equation for the formation reaction of each of the following substances 


(a) CaHeOH (Butanol) (b)Rust,FesO4 (c) Acetic acid CHSCO2H (d) Urea (NH2); CO 


. The human body burns glucose for energy. Burning 1.0g of glucose produces 15.65 kJ of heat. 


(a) Write the balanced equation for the combustion of glucose. 


(b) Determine the molar heat of combustion of glucose. (Ans: -2817kJ mole") 
(c) Heats of combustions of C and H2 are -393.5kJmole"'and -285.8KJmolre" respectively. 
Determine the heat of formation of glucose. (Ans: -1258.8 kJ/mole) 


. The standard combustion enthalpies of carbon, hydrogen and'acetic acid are -393.5 kJ 


mole, -285.8kJmole and —875 kJmole^ respectively. Deduce the value of standard 
enthalpy of formation of acetic acid, CHS3COOH. (Ans: -483.6 kJ/mole) 


. Is the conversion of magnetite, Fe3O; to hematite, Fe20s by oxygen is endothermic or 


exothermic? Justify your answer. 


3Fe(s) + 204, —Fe,O,,, — AH ==4118 kJ 


Fe, +30 ——> Fe,O,, AHR -824.2 kJ 


29) 


- In some countries liquid methanol is being used as an alternative fuel in cars and trucks. 


Industrially ethanol is produced by the following reaction. 

COo i 2H, 9 ast y CHOH, 

Standard enthalpies of formation of CH,OH and CO are -238.7 kJmole"* and 

7110.5kJmole-t respectively: Will the reverse reaction be exothermic or endothermic. Justify 
your stand. (Ans: endothermic) 


- Methane is the major substance in natural gas. How much heat is released when 20 g of 


Methane burns in excess of air under standard conditions. The standard enthalpies of 
formation of CO,, H,O and CH, are -393.5 kJ/mole, -285.8 kJ/mole and -74.6 kJ/mole 


respectively. (Ans: 1113.125 kJ) 


* Calculate AH for the conversion of graphite to diamond. Heats of combustions of graphite and 


diamond measured at 25°C and 1 atm pressure are -393.5 kJ and -395.4 kJ respectively. 
(Ans: +1.9 kJ/mole) 
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Ae 
ing this lesson, you will be his 


* Define the standard electrode potential of an electrode. 

* Give the characteristics of Redox reaction. 

* Define cell potential, and describe how it is determined. tá X Q 
e Determine the oxidation number of an atom of any element in re substance. 
* Define oxidation and reduction in terms of a change in oxidation number S 

* Use the oxidation-number change method to balance redox eq. ation 

* Balance redox reaction into oxidation and reduction half reaction. ©. 


iethod to balance the equation 
cell. 


* Describe the reaction that occurs when a lead storage harged. 


* Explain how a fuel cell produces electrical energy. 
e Use the activity series of metals to predict the p of singl le replacement reactions. 


INTRODUCTION 

Electrochemistry deals with wide range of important phenomena, many of which depend 
on the transfer of electrons from one substance to another. Electrochemistry is the branch of 
chemistry, which deals with'inter-conversion of electrical energy and chemical energy. 
Electrochemical processes are redox (reduction - oxidation) reactions in which the energy 
released by a spontaneous reaction is converted to electricity or in which electrical energy is 
used to cause a non-spontaneous reaction to occur. Redox reaction involves transfer of 
electrons from one substance to another. It deals with efficient sources of energy such as 
batteries, fuel cells etc. Chemistry of these devices will be discussed in this chapter. 


12.1 OXIDATION - REDUCTION CONCEPTS 


You have learned in your grade IX-X, the definition of oxidation and reduction in terms of 
loss or gain of oxygen or hydrogen or electrons. Here we Will discuss oxidation and reduction in 
terms of loss or gain of electrons by a chemical reaction 


Example i 
When a piece of zinc metal is dipped in an aqueous solution of CuSO,. It is observed that 
a dark brown layer of copper begins to form at zinc surface. At the same time the blue colour of 
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solution is discharged. If we analyses this solution we find that Zn** 
Eoo The change can be described by the following chemical equation. 
+2 42 
Zn + Cus, ne, + Cu 


ions are present in 


This reaction can be described in terms of two half reactions. 


Zn; ——9Zni2, t 2e 


Cu, + 2e — e 


In this reaction zinc metal loses two electrons and changes into Zn 
gain two electrons and give copper metal. The two 
called oxidation — reduction reactions. 


"A reaction in which a substance loses electrons is called oxidation. While the 
reaction in which a substance gains electrons is called reduction. Oxidation — reduction 
reactions are also known as redox reactions. In redox reaction, elements undergoing 
oxidation or reduction undergo a change in their oxidation number. 

Oxidation Number 


The oxidation number (oxidation state) is defined as the apparent charge, positive 
or negative, which an element would have in a compound. 


+2 ions while Cu‘? ions 
processes taking place simultaneously are 


Example 12 1 ' 
Calculate the Oxidation number of Mn in KMnOs, 


Solution 


Oxidation number of K =+1 
Oxidation number of O =-2 
Oxidation number of Mn = x 


In compounds, the algebraic sum of the oxidation numbers of all the atoms is zero. 


K Mn O4 à 
EFC na Q9 (02)4 =0 
mme x - 8 zit) 
X - 7 =0 
x =+7 


Cal 122 
Culate the oxidation number of Cr in K2 Cr2 Or. 


K2 Cr2 07 
(+1)2 + (92 + (ANY 
2+ 2x c 14 = 
2x% = 12 = 
2X =12 
x =12/2 


X Ts 
US Oxign 
Oxidation number of Cr in K; Cr O; is +6. 
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Example 12.3 
What is the oxidation state of S in SO4? ion. 


Solution le, 
In SO;? ion oxidation state of O is 2. If x is the oxidation state of S then, 


12. Electrochemistry 
Bé 


x + 42-2 -2 
x - 8 = -2 
x = 6 a — UM 


Identify the compound in which oxidation number of Fe is *3 


| Self Check Exercise 12.1 | 
FeO, Fe,0,, Fe;O,. | 


Oxidation-Reduction in Terms of Change in Oxidation Number 


We have already defined oxidation and reduction in terms of-transfer of one or more 
electrons. We can also define oxidation and reduction in terms of.change in oxidation number. 
Increase in oxidation number is called oxidation and the decrease in oxidation number is 

) called reduction. For example 


2Na,, + Clg) —> 2NaCI., 
Assign oxidation number to all the atoms involved in this reaction and write it over their 
symbols 
0 0 PET 
2Na, Cla —— 2NaC ls 
Notice that the oxidation number of Nasis zero because it is in the elemental form. In this 


reaction Na undergoes a change in oxidation number from zero to +1, by losing one electron 
and is called oxidation. | 


0 *1 
2Na(s) ——>2Na+2e7 | 
On the other hand, each:Cl atom in Cl; molecule changes its oxidation number from zero 
to —1, gains one electron and is called reduction. 
5 d 
Cl, + 2e& — —2CI^ 
Thus we can also define oxidation and red 


Oxidation is an increase in oxidation n 
Reduction is a decrease in oxidation n 


Example 12.4 


uction in terms of change in oxidation number. 
umber (a loss of electrons). 
umber (a gain of electrons). 


Solution 
Assign oxidation number to all the atoms involved in this reaction 


Seka o +4 (-2)2 2(+1) -2 


CH, + 2029 —>CO y+ 2R O 
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The C changes its oxidation number from —4 in CH, to +4 in CO; and loses 8 electrons. 
< means C undergoes an increase in oxidation number. On the other hand, O changes its 

oon number from zero in O to —2 in H2O and CO,. Each oxygen atom gains two electrons 
xi 

3 erefore it is reduced. 


We can say that, 
i) C is oxidized because there has been an increase in its oxidation number. 
ii) O is reduced because there has been a decrease in its oxidation number. 


and thi 


Self Check Exercise 12.2 

Use the oxidation number change method to identify the atoms undergoing oxidation or reduction in 
the following redox reacticns. 
+ 3H, —— 9 2NH, 


(9) 


Nova) 
4Fe,, + 3054, —— 2Fe,O,,,.) 


CH...) + 602,,.. —>6CO,,,,  6H,O(7) 


12.1.3 Balancing of Equations 

i. Redox Method (Oxidation Number Method) 

ii. lon Electron Method 

i. Redox Method (Oxidation Number Method) 

Itis based.on the principle that in any redox reaction, the total number of electrons lost by 


one element must be equal to the total number of electrons gained by another element. This 
method can be understood by the following example. 


Example 12.5 
Balance the. following equation by oxidation number method. 
P--HNO, + H,O—=-H,PO, + NO 
Solution 
Stept: Assign oxidation number to all the atoms involved in the equation. 
O0 2145(42)3 («12-2 3(41)«5(-2)4 +2 -2 
P+HNO,+ H,O ——>H,PO, «NO 
Step2: Identify the elements undergoing a change in oxidation number 
4 The P goes from zero to +5 oxidation state in H3PO«. This is a 5 electrons change. N in 
à 3 goes from +5 to +2 oxidation state in NO. This is 3 electron change. 
*p3: Draw a bridge between the same atoms whose oxidation number have changed, 
Indicate this change by the number of electrons gained or lost by each element. 
43e 
lam ne È 
P+HNO; —>H, PO, +NO 
LOIS Tt 


-5e 
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Step4: Equalize the number of electrons lost and gained by multiplying the two numbers, 
by a small whole number whith produces a common number. Use these multiples 
as coefficients of the respective substance. 

To balance a 3e gain against a 5e: loss, we need to multiply 3e" gain by 5 and 5e loss by 3, 

This will equalize the number of electrons gained and lost. 


| +8ex5=+15e 


[et aaa | 
MS +5 42 
P4HNO, —>H, PO, «NO 
su ———— 
-5e«3-- 15e 


Multiply the coefficients of P and that\of H3PO4 by 3. Whereas multiply coefficients of HNO, 
and NO by 5. | 
3P + 5HNO, + H,O ——+3H,PO, + 5NO 
Now the coefficient of HaPO4 and NO shou i not be changed hereafter it. 
Step5: Balance the rest of the equation by inspection method..Balance the atoms other 
than oxygen and hydrogen first, then ox gen atoms and finally hydrogen atoms. 
To balance oxygen atoms multiply cc efficient of HO by.2; 


3P + SHNO, + 2k ,O ——+3H,RO, + 5NO 
Inspect the equation, it is balanced. k 
= fi $ 
Lil Self Check Exercise 123 © 
Using the oxidation number method balance the following equation. 
HNO, + H,S— 93NO-«S-H Og 


Y 


ii. lon Electron Method ( Half Reaction Method) 

A powerful technique for balancing redox reaction 
Separate oxidation and reduction half | eactions. We then balance the half-reaction, one at a time 
and combine them so that electrons «re neither created nor destroyed in the reaction. 


The steps involved in this nrethod can be understood by considering the following 
example. 


Example 12.6 
Balance the following equation by lon Electron method. 
CrO? + H,SO, -Cr + HSO; 


s involves dividing these reactions into 


Step1: 
Split the reaction into two half reactions. 
Reduction half reaction: 


ClO Cr . 
Oxidation half reaction: 
H,SO, ——>HSC) j 
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na each half reaction. First consider rediiction half reaction. Two Cr atoms on the left 
require 2 before Cr 
Cr,07? —>2Cr** 
, There are seven O atoms on the left and none on the right. So we will add 7 H20 on the right side. 
Cr,0;* ——5 20r? 4 7H, 
There are 14 H atoms on the right and none on tlie left, so we will add 14 H* on the left side. 
Cr,O7 +14H* ——>2Cr ? + 7H,O 
Now balance charges. The left side has one: di-negative and 14 mono-positive charge, 
corresponding to —2 +14 = +12. The right side he 5 two tri-positive charge corresponding to +3 x 
2= +6. Thus left side needs 6e. 


CrO; + 14H* + 6e" — 2Cr} + 7H,O ---(1) 
In the other half reaction (Oxidation half reaction), S atoms are already balanced. 
H,SO, ——>HSO; 


Balance O — atoms. As there are three O — atomis on the left and four‘on the right, we will add 
one H20 to the left. 
H,SO, + H,O———HSO; 
There are four H-atoms on the left and one on the right. We will add 3H* to the right. 
HSO; + H;O— — — —5 HS», -- 3H* 
For charge, the left side is neutral but the right side has a' net charge of (-1) + (+3) = +2. 
Thus we will add 2e to the right side. 
H,SO, + H,O—>HSO, + 3H' + 2e7 -——-(2) 
Step3: "f r 
Equalize the number of electrons transferi‘zd in the two half reactions and add half 
reactions. Reduction half reaction uses up.6e " ar'd oxidation half reaction produce 2e. Therefore 
multiplying equation (1) by one and equation (2) ‘vy three and adding two equations we get. 
CO7 +14H' +667 —>2Cr?+7H,O. 
3H,SO, + 3H,O—>3HSO, + 9H' + Ge- 
LO *3H,S0;-3H;O +66 520r + 7H,0 + 3HSO, --9H* +6e7 


Cancel the duplication. Duplications are 6e", 320 and 9H*. Strike these out from both sides. 


Cr O7 + 5H* + 3H,SO, —>2Cr* + 4H,O + 3HSO; 

ee (r5) (+6) C3) 
E =+3 

Result: h mE 

Since LHS charges are equal to RHS charges, "therefore" the equation is balanced. 


-0 Self Check Exercise 12.5 | 1 
Use the half reaction method to balance the following redox reactions. 
(ii) ^ Au?--H, ——> H* + Au 


Co + Cr? ——>Co# + Cr^ 
Chee er 


Example 12.7 


Use the half reaction method to balance the following reaction that takes place in acidic medium. 
MnO; +H,O, ——>Mn*? +O, 
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Solution: 
Step: 


Split the reaction into two half-reactions. 
Reduction half reaction: ^ MnO, ———Mn'? 
Oxidation half reaction: H,O, ——950, 
Step2: s 
Balance each half reaction. First consider reduction half reaction. 
MnO, ——Mn^? | | 
Mn atoms on both the sides are already balanced. There are four O atoms on the left side and | 
none on the right, so we will add four 4H20 or the right side. | 
MnO, ——»5Mn*? + 4H,O | 
There are 8 H atoms on the right side and none on the left so, we will add 8 H* on the left side. 
MnO, +8 H' ——Mn* + 4H,0 
Now consider oxidation half-reaction. ny 
H,O, ——0, | 
O atoms on both sides are equal. There are 2H atoms on the left side and none on the 
right side. So we will add 2H* on the right side 
H,O, ————>0, +2H* 


Step3: 
Now balance charges. The left side has. one uni-ne. 
corresponding to —1+8 = +7. The ri 
left side needs 5e-. 

MnO, + 8H" + 5e" — S Mn + 4H,O 
Now balance charges. The left side is neutral whereas the right side has two mono positive 
charges corresponding to +1x2 = 42. Thus the right side needs 2e-. 

: co ups DI ME (2) 


gative and 8 mono-positive charges 
ight side has one di-positive charge corresponding to +2. Thus 


Step4: 
Reduction half reaction uses up 5e- and oxidation half reaction 
c produces 2e-. 
equation (1) by 2 and equation (2) by 5 and then add these equations. 
2MnO, -16H' .-10e — —— 2M? -8H,O 
5H,O, —— 50, --10H* 4-10e- 
2MnO;, +16H* 4-10e + 5H,0,, 
Step5: 
Strike out duplications from both the sides. 
2MnO, + 6H* + 5H,O. 
(-2) (+6) =+4 
Result: 


Therefore, multiply 


See BHO + 50,4 10H + 106° 


27 ———92Mn* +. 8H,0 + 50, 
(+4) 


Since LHS charges are equal to RHS charges, “therefore” the er ion is balanced: 


x 
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Self Check Exercise 12.6 


nce each of the following half reactions that take place in acidic medium. 


, Balal a 

é NOL———NO, b 10;——41, c clot CIO 
2. Balance the following reactions by half-reaction method, which take place in acidic medium. 
5 NO; * Br »NO + Br, 


b) Ce“ +H,AsO, — — Ce" +H, AsO, 
peo, ner S50 + CrOr 
4) MnO, +C,0,°—>Mn «CO, 


12.2 ELECTRODE, ELECTRODE POTENTIAL AND 
ELECTROCHEMICAL SERIES 


122.1 The Galvanic Cell (Daniel Cell) 


We have learned that, when a Zn rod is dipped into a copper(I!) sulphate solution, zinc 
atoms are oxidized to zinc ions and copper (Il)ions are reduced to copper metal, which deposits 
onthe zinc rod. Following reaction occurs: 

+ 
I CU, — — Zna + Cts) 

In this reaction, electrons flow directly 
fom the zinc rod to Cu’? ions in solution. ` 
However, if the electrons transfer from Zinc prend 
Tod to the copper ions in solution could bé 
directed through an external circuit, the 
Spontaneous redox reaction could be used 
to generate electric current. But when a 
e Tod dipped in zinc sulphaté solution in 
Ne oui is connected by a copper 
tarn Copper rod dipped in copper (I!) 
MOcurention in a separate cie 

Ws rcuit. 
owever, when SES Cocco lr with a tube (salt bridge) filled with a solution of 
trolyte such as KCI, KNO or Na,SO,, current flows through external circuit. 

The satt bridge allows the movement of ions from one solution to the other without mixing 

© solutions and maintains electrical neutrality in each half-cell. (See Fig 12.1) 

None half-cell, oxidation takes place and is called oxidation half-cell or anode half cell. 
ereas. in the other half-cell, reduction takes place and is called reduction half-cell or 
à Ode half cell. Reaction taking place in oxidation half-cell is called oxidation half reaction 

i the Saco tcc: i ion half-cell is called: reduction half reaction. The 
S di ial aig, plis: in: reduction node. Whereas, the electrode at which 
tdi 8t Which oxidation occurs is called the a 3 , c 


9" occurs is called cathode. 


R m 
u^ 
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Cu'*(aq) + 2€ —9 Cu(s) 


Figure 12.1: A simple Galvanic Cell 


Zn(s) — Zn'+(aq) + 2e 


of 


12: Electrochem, 
— try 


Therefore Z electrode e 
Zi trons than Cu. ri for: A e ACdUiree 
n has greater tendency to lose elec laci flow from Zn electrode throu mL. 


negative charge relative to Cu electrode. ^ wes 
external route Cu electrode. The following half-cell maran cee 3 E. m electrodes 
y^ oO 
Atanode: — Zn, — 9 Zn, + 2e (Oxida uy E 
Cu, (Reduction half reaction) 
(5) 


Atcathode: Cuz, --2e — —» 


Over all cell reaction 
+2 +2 
Zn, + Cu, ——9 Znay + Cu, i 4 
An electrochemical cell in which spontaneous redox reaction produces an electric 
current is known as galvanic or voltaic cell. l 


12.2.2 Cell Potential | 

The cell potential for a galvanic cell is literally the potential of the cell to do work on it 
surroundings by driving an electric current through a wire. The work thatcan be accomplished when 
electrons are transferred through a wire depends upon the push or force behind the electrons 

The force with which electrons are pushed to flow through the wire from anode to 
cathode is called the electromotive force or emf. It is measured is volts (V). 

The emf produced by galvanic cell is called cell potential (E? cell). It depends upon 
difference in the electrode potentials of the two half cells joined in series. Thus the electro: 
the more negative reduction potential acts as anode and the electrode with the more pos 
reduction potential acts as cathode. Thus under: standard conditions (1 mol dm? concentration 


at 25 °C and 1 atm pressure), the reaction. With more negative E? value occurs as oxi 


(anode reaction). The reaction with more positive E? value occurs as reduction (cathode 
reaction). The voltage of any cell under standard conditions can be calculated using tabulated 
standard reduction potentials (see table 12.1). : 


Any combination of two half-cells will produce/a complete cell. The overall cell reaction s 
obtained by suitably combining the equations for the two half reactions. Standard cell potentia 
'E&, or emf of cell is the'algebraic difference bétween the respective standard reduction 
potentials of the two half-cells. | 


- This is because one half-cell reaction can” 


The standard electrode ) 
undergo reduction relative ned as the tendency of a half-cell reactio" : 
developed when an electrode ard hydrogen electrode. It is potential differ. 
aced ina solution containing ions of that ele". 
solid for electrode and at 25°C. State i.e, 1 atm for gases, 1M for solutions ^ 

* 


Potential is defi 
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12.23 Standard Hydrogen Electrode 
"^A standard hydrogen electrode (SHE) 
nsists of à platinum foil coated with finely divided 
ERU, surrounded by hydrogen gas at atm 
pressure in contact with 1M HCI solution at 298K, 


- as shown in Fig 12.2. Its electrode potential is 


arbitrarily chosen as zero at all temperatures. 

By convention, the half-cell potential for 
reduction of em to H, gas or the potential for the 
oxidation of H, to Lm in the standard Hydrogen 
half-cell is defined exactly 0.00V. 

Reduction: (act as cathode) 

2H, + 2€. —— 9H 
Oxidation: (act as anode) 

Ho Hanley +2e 


2(g) 


S.H.E. can act as cathode or anode dependin: 
itis connected to complete an electrochemical cell. 


The Standard Hydrogen Electrode 


Hydrogen gas (Hlg) 
alam 0. 


— Tothe high resistance voltmeter 


Platinum wire 


Platinised platinum electrode 
covered in platinum black 


1M Hydrochloric acid solution 


.. Figure 12.2: Standard Hydrogen Electrode 


Ene, = 0.00V 


Barat 0.00V 
g upon the nature of electrode with which 


The symbol E? designates a standard potential i.e., the potential measured under standard 


conditions (1M concentration, 1 atm pressure and 25°C). 


. Table 12.1: Reduction potentials of some elements, ions and compounds . 
Reduction Half-reaction E? (Volts) 
Lit 9 
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=a E -3.05 
K'+ 62K -2. 92 
Ba* +26 —=Ba E AM. -2.90 
Ca* +26 — Ca REND 
Nat i15 = Na S -2,71 
M+ 28 — Mg -2.38 
POLIT -1.67 

MY" 25 — mn 405 
HO + 26:—H, +20H -0.83 
£n* 428. Zn -0.76 
ee -0.74 7 
Fet + 26=—=Fe RON 
Meet 26—— Pb SOF PN TUO 
E i2 NI NEP + + -0:25 

Sn Dyer -0.14 
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NC s -0.13 in 
Pb +26 .— Pb w1 a — 
Fe? +36 —= Fe -a J 
2H'* 2e =H, : az 
| AgCl + 8 — Ag + CI BE T 
Hg,Cl, +2 e == 2Hg + 2Cl — A 
Cu* «26 — Cu n ia | 
ago = 
Bates = E = -= 
re S == Fe d 
— *1.09 
Briag 2e =— Br T 
O,+ 4H' «48 =H O S» 
MnO, + 4H' +26 =M}? +2H,O s E 
DUE x a 
CrO? +14H' 68 — 2CP +7HO a 
Dig +28 F *1.36 
Cb + 26 == 2CI K 
2C10;'+12H' +106 — Cl, +6H,O S +1.47 
8H* + MnO; +56 =— Mn” + 4H,O +1.49 
| PbO, «SO? +4H' +46 =— PbSO, «2H. ; +1.69 
HO : +17 
+2.00 
+2.87 


12.2.4 Determination’of Cell Potential 
A cell reaction consists of two half reactions. Red 
greater value of reduction potential. Oxidation 


value of reduction potential. Equation of the half-cell reaction having smaller value of reduction 
Potential is reversed and added to the 


equation of half-cell having greater value of reduction 
potential. Sum of these two equations represent cell reaction. 
, ive 
Standard cell potential E, or emf of cell is the algebraic difference between the respec!" 
standard reduction potentials of the two half-cells. 
Eo. E anode — Einode 
Example 12.8 
Calculate E? 


uction takes place in the half-cell having 
takes place in the half-cell having the smaller 


cell for Zn-Cu cell and write cell reactions. Show direction of electron flow: 


A 
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ution i 
ur cell reaction Reduction potential 
) Z2 7m 0T 
DNE yt OAV 


Data indicates that the reduction potential of second half-cell is greater than the first. 
Hence reduction reaction will occur in second half-cell and oxidation in the first half-cell. Reverse 
the first equation and add it to the second equation to get cell reaction. 


Zna Za + 26 (Oxidation half-reaction) 
Cua, -- 26— —9Cu, (Reduction half-reaction) 
Zn, + Cu — —29 Cus; + Zn, (Cell reaction) 
ES. = E = EC 
ES. = ES NK E : 
E - 40.34 — (70.76) 
EN = +1.10Vs 
Electrons will flow from anode to cathode i.e., from Zn electrode to Cu electrode. 
Example 12.9 
The standard reduction potentials for the following half reactions are: 
Dia » i o=- 
Niga + 2€ ——Nis) E? = -0.25V 
2 = é 
Mg, +2e ——5M9, B= -2.38V 


Calculate E? „ for Ni-Mg cell, write cell reactions, show direction of electron flow and 


identify the anode of the cell. 
Solution: 

Data indicates that the reduction potential of first reaction is greater than that of the 
Second reaction. Hence réduction will occur in the first reaction and oxidation in the second 
Teaction. Reverse the second reaction and add it to the first reaction to get the cell reaction. 
(Anode reaction) 


Ni + 2e- — — Ni, (Cathode reaction) 
NA Ie o o 0 S 


| Mg, + Ni, — 9 Mga * Nic.) (Cell reaction) 


Mg, ——>Mgiz, + 2e 


(aq) j à 
Thus Mg all ak as anode and Ni as cathode. Electrons will flow from Mg to Ni. 
ET - Emm ES s 
0 
Esai = ENS Ew 
= -0.25 - (-2.38) 
= 2.13 V 
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H Self Check Exercise 12.7 ! 
The standard reduction potentials for the following half-reactions are: 
Cui, *2e ———»ÀCu, ^ E?-240.34V 


Cl 42e — 204, E? = +1.36V 


Estimate E®,,, for Cu-Cl; cell, write cell reactions, choose cathode and show the direction of electron flow. 


Feasibility of a Chemical Reaction 


Whether a chemical reaction is feasible or occurs spontaneously or not, can be inferred 
from the sign of the sum of E°values of the two half-cell reactions. If this value is Positive, 


reaction occurs spontaneously or will be feasible. The negative value indicates that the reaction 
is not feasible. 


Example 12.10 
Is the following reaction feasible? 
Sn«Fe? — Sn? +Fe 
The standard reduction potential values are ES, = -0.14V, E? = -0.44V 
Solution 


Oxidation 
Sn? + Fe? —~—» Sn? + Fe 


~~ Reduction 
It is clear from the above equation that oxida 
Sn is acting as anode and Fe. as cathode: The 


tion of Sn and reduction of Fe is taking place. 
ceil reactions. 


above reaction consists of the following two half- 


; Sn—— —35Sn? +28 (oxidation half reaction) 

hoi + Peste (reduction half reaction) 

Em = E cathode iE Ras 

ER -0.44V  - (-0.14V) 

= -0.30 
As Eĉ is negative, therefore the given reaction is not feasible. However reverse reaction 
would be spontaneous. 

l Self Check Exercise 12.8 


Using emf data, argue on the following: 
- (i) Can Fe displace Cu from a solution of Copper (Il) Sulphate.2 
(ii) Can lodine displace Bromine from aqueous solution of Potassium bromide? 
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2.2.5 Electrochemical Series 
£ Under the recommendation of 


ational union of pure and applied 
PAC) the half-cell reactions 


Important Information 
In modern dentistry, a material most commonly used 
to fill decaying teeth is known as dental amalgam. 
Dental amalgam actually consists of Ag, Sn and Hg, 
the standard electrode potential for this amalgam is 
+0.67V. Any person who bites a piece of Al foil (such 
as use for wrapping candies, biscuits etc) in such a 
way that the foil presses against a dental filling, will 
experience a momentarily sharp pain. This is 
because, an electro chemical cell has been created 
in the mouth, with Al as anode E°= —1.67V, the filling 
as cathode and saliva as electrolyte. Contact 
between Al foil and filling short circuits the cell. This 
causes the weak current to flow between the 
electrodes. This current stimülates the sensitive 
nerve of the tooth, causing a sharp pain. 


are g 
42.1) therefore E? values are known as 


reduction potentials. However, the value 
of oxidation potential for an electrode can 
pe obtained by reversing the sign of 
reduction potential for that electrode. Note 
that the given reduction potential values 
relate to standard conditions only. i.e., 1M 
solution of ions, 25°C (298K) and 1 atm 
pressure. Changes in conditions will alter 
these values. 

Such a list of arrangement of elements in the order of their standard electrode potential with 
reference to standard hydrogen electrode is called electrochemical series (Table 12.1). 


12.2.6 Activity Series of Metals 

A displacement or replacement reaction occurs when an element displaces another 
element which is a part of a compound. The general equation, A + XY ——>X + AY in which an 
atom A replaces atom X in the compound XY illustrate this type of reaction. 

For example, if Zn metal is placed in a blue solution of copper (Il) sulphate, the blue color 
Slowly fades away and grey metal is replaced by red orange Cu metal. In this reaction Cu ions 
in the solution are reduced to Cu metal and Zn atoms are oxidized to Zn ions (for details see 
Section 12.4), 

Zn,* Cu, — + Cu, 

However, when copper metal is placed in zinc sulphate solution, no replacement reaction 
occurs. Table 12.1 shows that the standard reduction potential of copper is greater than that of 
Zino, 

This means that it is easy to oxidize Zn to its ions and reduce Cu*? ions to its atoms. Thus 
can replace Cu*? ions from its solution. For the same reason Mg and Al can also displace 
Cutt ions, but Ag cannot replace Cu*? ions. : 

Similarly it is observed that metal like Na, K can displace H from water but metals like Cu, 

9 cannot displace H, from water. Metals are therefore, ranked according to their ability to 
place other metals and hydrogen from their compounds. In this ranking metals and hydrogen 
"d arranged in order of decreasing ease of oxidation to their respective ions in aqueous 

“lution. This arrangement is called activity series (see Table 22): 


1 
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| | Very Active metals; 
f Riot with cold water with the liberation of hydrogen gas; 
(K and Na react violently with water), 

_| They also react violently with acids 


Metals of intermediate activity: 3 4 
React with steam or with acids such as HCI with liberation of Hz 


Moderately active metals E S 
React slowly with HCI D 
Do not react with water Sy 


Moderately noble metal; 

Do not react with water, HCI but react 

y S. 

Very noble metals; SM 

React only with aqua regia S 
MC 


$ 
ith'oxidizing acids such as HNO; 


M 


oy 
Applications of Activity Series SY 
Important point about the activity series are as follows: 


d Metals higher on the list transfer electrons to metal cations lower on the list. The greater 


the separation between the species the more vigorous will be the ri 
When powdered barium is heated with lead ( 
is because Ba is more active than Pb. Bari 
is reduced to elemental lead. 


eaction. For example, 
Il) oxide, a replacement reaction occurs. This 
um is oxidized to form barium oxide and lead 


Ba, + PbO, EO +Pb,,) 

On the other hand, when iron Pellets are 

Occur. This is because Fe is below Mg in 

2. Very active metals react with cold water 


added to a solution of MgCl» no reaction will 
the activity series. 


to liberate Hydrogen. For example: 
2Na,,*2H,O. => 2NaOH a +H 


with non-oxidizi i . For 
example: ng acid such as HCI 
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Mg, + 2H,0 (6) ? Mg(OH),.., *H 


2(g) 


Mg.) + 2HClaq) —> MgCl 29) *Hy 


Al reacts with hot water to a small degree. This is because Al forms a protective coating 

of Aluminum hydroxide and Aluminum oxide on its exposed surface. This protects metal 

from further reaction. A 

The moderately active metals such as Co, Ni, Sn, Pb do not react with steam. These 

metals react spontaneously with 1M HCI. 

The metals below hydrogen in the activity series do not react with 1 M HCI. These metals 

are unable to reduce H* ions in 1M HCI solution. However, their 1M aqueous ions can be 

reduced by hydrogen gas at 1 atm. These metals are called as noble metals. The 

moderately noble metals Cu, Ag and Hg react only with oxidizing acids such as nitric acid 

and perchloric acids. The very noble metals do no react with these acids but react with 

aqua regia. 

Example 12.11 

Predict whether a replacement reaction will occur in the following instances. Defend your 

conclusion. 

a) Magnesium ribbon is in a solution of silver nitrate: 

b) A small piece of calcium is added to a beaker. of water. 

€) A copper wire is dipped in 1M HCl. 

Solution 

a) Magnesium is above Silver in the activity series. Thus Mg will displace Ag*. 
Mg, + 2AGisq ——3 Mio +2A9%.) 

b) Calcium being very active metal and above hydrogen in the activity list will react with cold 

water and will liberate/hydrogen gas. 


Ca, + 2H,0,, — 9» Ca(OH) 09) * Hag) 


c) Copper metal is below hydrogen in the activity list, therefore no reaction will take place. 


ti Self Check Exercise 12.9 


ict whether a reaction occurs in the following cases and write a net ionic equation for the reactions 
that Occu í 
rs: 


(i) An iron nail is placed in 1M HCI. 
(i) Lead(Il) oxide is heated with powdered zinc. "me 
(iil) Nickel wire is placed into à solution of silver nitrate. 
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12.3 TYPES OF ELECTRO-CHEMICAL CELLS 3 


Devices, which convert electrical energy into chemical energy and vice versa, are 
known as electrochemical cells. There are two types of electrochemical cells. 

1) Electrolytic cells. p 

2) Galvanic or voltaic cells. (see section 12.2.1) 


12.3.1 Electrolytic Cells 


In these cells electrical energy is used to drive many chemical processes. For example 
heavy industrial processes such as preparation of sodium hydroxide, metals, purification of 
nickel and copper, plating of noble metal on jewelry and instruments. The chemical process used 
in these cells is called electrolysis. 


Electrolysis 


wires by mean of electrons (metallic conduction). Within the 
cell the current is carried by the anions and cations of the electrolyte (Electrolytic conduction). The 


int where conduction changes from metallic to electrolytic or vice versa. 


e Coulomb (C), It is the charge on 6.25x10"8 electrons. Although 
» the chemist finds that a more convenient 


12.3.2 Faraday’s Laws (Relation Between Glen: : 
Current) emical Change And Electric 


In 1833, Faraday described the results of his electroche ical i igati i 
" mical 0 
principles of electrochemistry, which are now kn ee aS by secre th v 


own as Faraday’s laws. 
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The first law of Faraday states that 


"The amount of chemical reaction taking place at an electrode is directly proportional 
tothe quantity of charge that flows through the electrode during the process.” 
Mathematically mtn o 
m = ZxQ as Q= |*t 
m = Zx|xt 
where m = mass deposited in grams 
Q= Quantity of charge in coulombs 
|= Current in Ampere 
Z = Electro chemical Equivalent 
t= time of electrolysis in seconds 
The amount of a substance produced during electrolysis by passing one Coulomb 
of electricity is called its Electro Chemical Equivalent. 
Second law of Faraday states that, 


"If same quantity of charge is passed through different electrolytic cells, connected 
in series, the amount of substance produced in each case is proportional to the gram 
equivalent mass of each parent specie". 

If several cells containing aqueous solutions are connected in series, as shown in 
figure 12.3 and if 96487 C of charge is passed through them, the electrode reactions proceed 
simultaneously and for 7.999g of O, produced from H,SO,, 1:008g of H2, 107.9g of Ag, 31.77g 


ofCu and 32.5g of Zn are produced at the respective cathodes. These weights are the equivalent 
Weights of the respective elements. 


Battery 


| Figure 12.3: Electrolysis of Aqueous Solutions = 


ltis therefore concluded that 96487 C is the charge on one mole of electrons. This quantity 
"Je is referred as one Faraday. Thus the quantity of the change that occurs in electrolysis 
be determined from the number of Faraday's of charge, which passes. For most calculations, 


OF cha, 


the y, 


alue ‘of the Faraday will be taken as 96500 C. The amount of a substance produced 


ng electrolysis by passing one Faraday of electricity is called its equivalent weight. 
"ple 12 45 
In the electrolysis of molten ZnCl,, how much Zn can be deposited at the cathode by 


Dass. 
Solution 10.01 ampere current for one hour? 


0. 
01 Amp. for one hour carries charge = 9217 1 x 60 x 60 
Since 1F = 96500C 
Therefore,36 C = 3.7x10% Faraday 
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In molten Zinc chloride, the cathode reaction is 
Zn? +2e ——>Zn 
Which means that for every 2 Faraday of electricity used up, one mole of Zn is deposited. Thus, 
3.7 x 10^ Faraday x 1 Mole of Zn / 2 Faradays = 1.85x10-4 mole of Zn 
As one mole of Zn is 63.37g. 
Therefore 1.85 x 10-^ mole of Zn x 63.37g = 0.012g of Zn. 
Example 12.13 
A constant current was passed through a solution of AuCl, ions between gold electrodes, 
After a period of 10.0 minutes, the cathode increased in weight by 1.314 grams. 
i) How much charge was passed? 
ii) What was the amount of current? 
iii) What volume of Cl; was collected at anode at 1 atm and 25°C? 


Solution 
The reaction at cathode is the reduction of Au (III) to Au metal 
AuCl, + 3e" — —— Au -- 4C 
It means that for every 3 Faraday of electricity used.up, 1 mole of Au is produced. 


Moles of Au = ecemusiágAur = 6.67x10-3 
1979/ mole of Au 
i) Charge z 6.67x10-? mole Au x 3Faraday 
mole of Au 
= 2x 1022 Faraday 
ii) Current z Charge 
Time(s) 
Time = 10 mins = 10x60 = 600s 
Current " (2x 107F)(96500C / F) = 322A. 
600s z 


iii) ^ The reaction at anode is oxidation of CI- ions. 
2Cl —— Ol, + 2e7 
For every 2 Faraday of electricity 1 mole of Cl2 was produced. 
For 1 Faraday of electricity = 1/2 moles of Clz was produced. 
For 2x10? Faraday of electricity = 1/2 x 2x10? moles of Clz was produced. 
= 1x10? moles of Clz was produced. 
Volume of Clz produced can be calculate by the following formula 


nRT 
V =—_ 
P 
_ 1x1 0? x 0.0821x 298 


= 0.245dm? 


1 : 
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Self Check Exercise 12.10 


Bauxite ore is used for the commercial preparation of Al. For this purpose bauxite ore is first purified 
` to produce pure alumina, AIO. Alumina is then electrolyzed. Following reaction occurs: 
2AI,0x2) — —^ 4^; + 30 


1 


?(9) 
Calculate mass of All, that collects at the cathode and volume of oxygen that collects at anode when 
ALO, is electrolyzed for 10 hours with a 15 ampere current at 1 atm and 25°C. 


, (Ans: mass of Al=50.36g, volume of oxygen-34.20dm?) 
2, Which of the following compounds will give more mass of metal, when 15 ampere current is 
passed through molten mass of these salts for 1 hr. 


(a) NaCl (b) CaCI,. (Ans: NaCl will give more Na) 
12.3.3 Batteries 


DO YOU KNOW 
Batteries are source of direct current and have become Here E nan 
essential source of portable power in our society. Batteries provide and laptops functioning. 
electric power for starting intemal combustion engines in.—  —* 

automobiles, for running systems on space vehicles and for such devices as flash lights, toys, heart 
pacers, electronic calculators, portable radios, TVs, Tape recorders etc. A battery is a galvanic 
cell or a group of galvanic cells connected in series. 

Batteries which can not be recharged are called primary cells e.g. dry cell, 
Whereas batteries which can be recharged are known as secondary cells e.g. Lead 
Slorage battery (automobile battery). A battery;/can be as tiny as a heart pacemaker implant 
or as large as the charge storage tanks of-an electric automobile. We will discuss some of 
the important batteries. 

1) Dry cell 

The dry cell batteries are used in flashlights, toys and small appliances. The anode is the 
zinc metal of the container and the cathode is an inert graphite rod at the center of the container 
" contact with a mixture of MnO, and carbon (charcoal) see fig 12.4. The electrolyte is a mixture 


moist NH,CI and ZnCl,, Following reactions take place in it, 
At Anode 


A Zn——>Zn? 42 6 
t Cathode 


2NH;* + 2MnO, +28——>Mn,O, + 2NH, + H,O 
This cell produces a potential of 1.5V. In the alkaline dry cell battery, moist paste of KOH 


[ à A 
S used as electrolyte instead of NH,CI and ZnCl,. Following reactions take place in it. 
At = 

Anode Zn+ 20H ——>Zn(Oh), + 2e 
At Cathode 


2MnO, -- H;O + 26 —— 9oMn;O, + 20H” 
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Insulator 


Graphite fod 
(cathode) 


MnO, and carbon black paste 


ZnCl, paste 


NH.CI 
(electrolyte) 


Zinc metal can 
(anode) 


Figure 12.4: A dry celll 


The alkaline dry cell lasts longer because the zinc anode corrodes less rapidly in basic 


conditions. 
NICAD 


An especially important type of dry cell is the nickel-cadium battery which has a Cd anode 


and NiO, as cathode. KOH is an electrolyte. Following reactions occur in it. 


2) 


At anode 


Cd, - 20H. 


At cathode 
NiO;, + 2H;O,, + 2e° ——>Ni (OH),..) *20H 


In this cell, the products adhere to the'electrodes. Thus, battery can be recharged. 


— —5Cd(OH) 2e 


ots) + 


Lead storage Battery: 
The lead storage battery provides electrical power in automobiles. It is well suited for this 


use because it supplies the large curtent needed to drive starter motors and headlights and can 
be recharged easily. 


H,SO, 
(electrolyte) | 

Lead grid packed 
Lead grid packed with With PbO, (cathode) 


spongy lead (anode) 
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The anode is a lead plate and the cathode is lead impregnated with PbO,. Both electrodes 
ie immersed in electrolyte which is 30% H,SO, solution having density 1.25g cm?. The cell 
: uces potential of two volts. Automobile batteries use three or six such cells joined in series 
to generate a total electrical potential of 6V or 12V respectively (see figure 12.5). 
pischarging the Battery 
During working of the battery the following reactions takes place; 

-2 = 
Atanode Pb,.)* SO ? PbSO,., *2e 


At cathode PbO,,.) + So + 4H aa) +2e ——>PbSO,,,) + 2H,0,,) 

Net reaction during discharge of battery is 

: Pb, + PbO, s) + 2H,SO,4, ——9 2PbSO,., + 2H,O,, 

Thus during discharge H,SO, is used up and its density decreases. When both the electrodes 
are completely covered with PbSOs the battery ceases to deliver current until it is recharged. 
Recharging the Battery , 

Battery can be recharged by connecting its anode to the negative terminal of direct current 
and the cathode to the positive terminal of the direct current. Reverse chemical reactions occur 
atanode and cathode of the battery. Thus deposition of Pb on anode and PbO, on cathode take 


place. The reactions of recharging of battery are as follows. 
At cathode 


PbSO,. + 28——95Pb,, + SO; 
At anode 
PbSO,,s) + 2H,O, ——PbO;; PSO ging) + 4H. + 26 


4(aq) 


Net reaction: 2PbSO,,,) + 2H,O p) —9Pbis, + PDOs) + 4H, + 2801 


d After recharging H2SOs solutionis concentrated again bringing density to its initial value of 
25g cm-3, 

3) Fuel Cell 

A fuel cell is a special type of galvanic cell which is based upon the reaction between 
Oxygen and a gaseous fuel hydrogen or methane. When hydrogen burns in air, an exothermic 
"eaction occurs and a lot of chemical energy is released in the form of heat and light. In this 
"action hydrogen is oxidized to water. d ; 
2H * O49 9 2H;0, * heat 


With ds energy released from the reaction of hydrogen 
A von to form water is converted to electrical energy. 
Ydrogen-oxygen fuel cell has three compartments 
[3 Pigs from one another by porous carbon electrodes 
9ure 12.6). These electrodes contain platinum as 
ae The middle compartment contains a hot aqueous 
anode 9f KOH. Hydrogen gas is passed through the 
cathod compartment and oxygen is passed through the 
$ compartment. 


—* Ho 


Anode— Cathode 


ss 049) 


Figure 12.6: A Fuel Cell 
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At anode hydrogen is oxidized to water and at cathode oxygen is reduced to hydroxide ions, ^3 
Anode reaction = . 


2H, + 40H (aq) —— 40 + 4e 
Cathode reaction = Ozo) +2H,O p + 4e ——>4 OF ia) 
Net cell reaction 2H iq) + Og —— 2H;00 


The electrons released in the oxidation of hydrogen flow through the circuit towards the 
cathode. A hydrogen-oxygen cell delivers 0.9 V. The fuel cell operates at high temperature so the 
water formed evaporates and may be condensed. The water removed in spacecraft is consumed 
by the astronauts. The fuel cells of this kind have been used by American space program. 

4. Solar Cell 

Devices that convert solar energy directly 
into electric energy are called solar cells. A 
semiconductor material is used in these cells. This 
material generates voltage output with light input. A 
basic solar cell consists of two layer of different types 
of semi-conductive materials. These materials are 
joined together to form a junction. When one layer is. 
exposed to light, many electrons acquire enough 
energy and break away from their parent atoms. Such —— " 
electrons cross the junction. This means that negative hd ASTER See 
ions are formed on one side of the junction and positive ions are on the other side. Thus a potentia 
difference is developed which causes electrons to flow. Semicondu_ctor made of silicon gives an 
output of 0.5 V per cell. Research is continuing to get more output with other semi-conductor 
material. In future solar cells will serve as a cheap source of energy. 


12.3.3 Corrosion 


Corrosion is a natural process; Which converts, refined metals to their more stable metal oxides. 
The oxidizing agent in corrosion.chemistry is atmospheric oxygen. It is most familiar in the form of the 
rusting of iron. Rusting is an electrochemical process. One of the half reaction in rusting is; 


Fe? 26— Fe E? =-0.44V 
Reverse of this reaction.is driven by the presence of oxygen i.e. 
Fe——>Fe” +26 


Iron (Il) is oxidized further to iron (IIl) and 
various insoluble hydrated oxides of iron (III) 
are deposited as the red-brown precipitate 
known as rust. These oxides are porous, 
flake off and expose metal to further 
corrosion. The process of corrosion occurs 
when metal is in contact with water. The 
water layer present on the surface of iron or 
a water droplet on its surface dissolves O, 
and CO,. In certain industrial areas where 
SO, or other acidic vapours are present also 


dissolve. Thus metal comes in contact with ` 
the electrolyte. The reduction half reaction is; Figure 12.8: Corrosion process of "0" 


—. 
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Ong) + Hon 249—320, E= +1.23V 
A oxidation half reaction is: 
Th Fe——oFe? 2e (oxidation reaction) 
Fe’2is further oxidized by the atmospheric oxygen to Fe*? and form, hydrated Fe (IIl) oxide (Rust) 
Fe? —>Fe* «e 
Fe? «30H ——>Fe(OH), 


The E, , of the combined half-reactions is 


EX = E SEA 
E. -  4123-(-0.4) 
EM = +1.67V. 


Therefore, there is a strong tendency towards oxidation. Oxidation of iron occurs in an interior 
region of the droplet whereas reduction of O2 occurs near the air-droplet interface. (See fig 12.8) 


12.3.4 Prevention of Corrosion 


Corrosion cannot be eliminated, but sealing the surface from attacks can slow it down. The 
corrosion of a metal can be prevented by painting the metal so.that it does not come in contact 
Wih oxygen and moisture and other harmful agents. Painting also provides visual appeal. That 
is why bridges, trains, cars etc. are painted. A metal surface can also be protected by coating it 
with a thin layer of a second metal that is more electropositive than the first. This can be done 
by galvanization or electroplating. 

i — Galvanization (Sacrifacial Corrosion) 

Objects made of iron are dipped in molten zinc and dried. This process is known as 
Salvanization. If a scratch penetrates the zinc layer, iron is still protected because Zn oxidizes 
preferentially. This is because Zn is more active metal than iron, as the potentials for reduction 
show. An oxidation that occurs dissolves Zn rather than Fe. Thus Zn acts as sacrificial coating 


on Fe. This is also known as sacrificial corrosion. 
Fe? *26— Fe E°= -044V 
2n +28 —_, Zn E?-—0.76 V 
Electroplating 


la lectrolysis can be used to deposit one metal on another. A 
yer of Silver or gold is often plated on jewelry and tableware made 
Mexpensive metals such as iron. The article to be plated is 

is y 88 cathode. The metal, which is to be deposited on the article, 
erri as anode. Water-soluble salt of anode metal is used as 
8j yte. When electrical potential is applied, electrons are 


from anode and move into the cathode (article). Metal ions 


Lu iN solution capture the electrons and adhere to the article 

Mg S For example, in silver plating, silver rod is used C CM 

; mplay wn cyanide is used as electrolyte. Cyanide ions form : 
= 7x With silver ions (see figure 12.9). Figure 12.9: Electroplating of 
Agi) + 2CN in) == [AKCN); |e) SRE 


b. 
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Anode reaction 


A9, ——9 Aging) + e^ 


Cathode reaction 


SUMMARY OF KEY TERMS 


vl; 
2. 


3. 
4. 


10. 


il, 


Steel objects are often protected from corrosion by electroplating with Aluminy 
Chromium. These metals form a thin protective coating of oxide xxn inhibits further cor 
The potential of the passive oxide coating is much like a noble metal. 


[Ag(CN), | +e —> Ag, +20N, 


" aq) 


Im or. 
TOsion, 


Redox reactions i.e., oxidation and reduction reactions involve the transfer of electrons 
or change in oxidation numbers. pos . 

Redox equations can be balanced by using oxidation number method and ion electron 
method. s : 

The driving force behind the spontaneous redox reaction is called the cell potential, 

The magnitude of.cell potential. depends upon the conditions under which the 
measurement is made. Under standard conditions, all solutions have 1M Concentration: 
all gases have partial pressure of 1 atm. The standard potential for the reduction of Ht 


In a galvanic cell, oxidation and reduction reactions take place at separate electrodes 
and electron flow through the external circuit: These Separate parts of the galvanic cell 
are half cells. The reactions which occur at these half cells are the half-cell reactions. A 
Salt bridge allows the ions to flow between the half cells. 
In a galvanic cell, the oxidation occurs at node 
electrons flow in the external circuit from anod 


used in automobiles, fuel cells etc. 
The corrosion of metals is an electrochemical phenomenon. - 


References for further learning: 


e  Bodener and Pardue chemistry an ex eri i 
s rime 
* Stevens. Zumdahl, chemistry i Beene 2o 


* Zumdahl, introductory chemistry third editi 
ed 
* Olmsted and Williams, chemistry on 


: the m x 
. Silberberg, chemistry, the molecul olecular Science 


ar nature of Matter and change 
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) Exercise 


Choose the Correct Answer 


(a) Anode (b) Cathode (c) Salt bridge 
ij ^ Oxidation number of S in Na,S,0, is; 
(a) *1 (b) +2 (c) *3 


iii, In the electrolysis of molten ZnCl,, the cathode reaction 


i The electrode through which the electron enter the electrolytic solution is; 


(d) Electrolyte. 


(d) +4 


is Zn*? + 2e 2Zn what 


quantity of electricity is used up for the production of half mole of Zn; 


(a)2Coulombs ^ (b)1F (c) 2F 


following reaction? Cr? -3e- ——> Cr 


| 
| 
| iv. How many moles of Cr will be produced by 1.5 Faradays of electricity by the 
| 
| 


(d) 2 ampere 


(a) 0.1 (b) 0.2 (c) 0.03 (d) 1.5 ¿œ= (e) 0.5 
v. ES = -0.14V, E? = -0.13V 
(a) Sn? can oxidize Pb (b) Pb*? can oxidize Sn 
| (c) Both can oxidize each other (d) Both can reduce each other. 
| vi. A fuel call operates at temperature. 
| (a) Low (b) Medium (c) Room (d) High 
| vii The oxidation number of CI in HCIOs is; 
(a) -1 (b) *1 (c) *5 (d) *7 
viii. In which of the following compounds oxidation number of N is +5? 
(a) NO; (b) N20, (c) N20; (d) N;O5 
ix. The passage of current through an electrolyte is due to the movement of; 
| (a) Electrons (b) Anions (c) Cations (d) lons 
| X. Oxidation number of an'element in free state is; 
(a) Negative (b) Positive (c) Zero (d) +1 


xi. — Which of these is:not true of an electrolyte? 
(a) It can conduct electricity in molten state 


(b) It can conduct electricity in the form of aqueous solution. 


(c) — It can conduct electricity in the solid form. 
(d) It can be an acid, a base or a salt. } 
xii. Corrosion is an electrochemical process which requires; 


(a) Oxygen (b) Water ^ (c) Acidic vapours 
Iaia 
2. a,b 
3. a,b,c 
4. a,b,c,d 


Xii. A fuel cell is based upon the reaction between; 
(a) Oxygen (b) Gaseous fuel (c) KOH (d) Pt 
. a 


1 
2 
3. a,b,c 
4 
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Explain why? 

(8) Reduction of 1 mole of each Zn*? and Ag* require different Faradays of electricity 
(b) Itis not possible to measure the potential of an isolated half-cell. : 
| (c) The life of a dry cell is shorter than that of an alkaline dry cell. 


f 3. Write the spontaneous reaction for the following sets of half-reactions. 
f Au, ES So: —— — Au, E? 21.5 V 
NOs (aq) + 4H, + 367 > NO,,) + 2H,O E? = 0.096 V : 


| 4. Explain the following with reasons. 
(a) The oxidation potential of Zn is +0.76V and its reduction potential is -0.76V 
(b) A salt bridge maintains the electrical neutrality in the cell. 
(c) Na and K can displace hydrogen from acids but Cu and Pt cannot. 
(d) Lead storage battery is rechargeable battery. 
(e) Zn plating saves Fe from corrosion. 


5: Corrosion is often accelerated where the coating on the body of a car has begun to. crack, 
interpret it. 

6. How many hours would electroplating have to be continued at the rate of 5 amperes if 
75g of copper is to be deposited from CuSO, solution? 

T7. Differentiate between the following 


(a) A galvanic and electrolytic cell 
(b) Oxidation half-reaction and reduction half-reaction 

9: Calculate E? for the following cells, WERT reactions are spontaneous as written under 
standard conditions? 


(a) 2Agi,, + Cui; > Cua 4+ 2Ag,.) 


(b) Zn, * Ni Nig + Zna 


| + 3 
| (c) Al, + Hr, Wim * Hag, 
10. An electroplating apparatus i in used to coat jewelry with gold. What mass of gold can be 
| deposited from a solution that contains { Au(CN), IP ion if a current of 5.0 amperes flows 
for 30 minute? T he following half-reaction occurs; — 


[Au(CN), +3e°—>Au,, + 4CN; 


) 


"a (Ans: mass of gold =6.129 
11. Determine oxidation number of all the atoms in the following. 
(a) K&COs (b) P4 (c) XeF, (d) F,0 
(e) PCI; (f) NH; (9) Fe3O; 
12. Balance the following reactions by ion electron method. 
(a) SO, + MnO; ——Mn* +HSO, 
(b) BrO;'+SO,—-+HSO, +Br- 
(c) 2N,O, ——NO; +NO 
(d) Sn?4«Fe?— Sn" «Fe? 
(e) H,O, + MnO; ——Mn* +0, 


d 
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M C07 +C ——>Cr° «CL 
(g 10,'+ AsO,’ —>l" + AsO; 
(h) H,AsO, + CrO ——H,AsO, + Cr? 
Balance the following equations by oxidation number method. 
() MnO, +HCI—>MnCl, 4-H,O -- CI, 
(i) HNO; + HI——9NO +1, +H,O 
(i) Ag+H,S+O,—->Ag,S +H,O 
(v) Zn+HNO,—->Zn(NO,), +NO+H,O 
() Cu+H,SO,—-+>CuSO, + SO, +H,O 
(vi) Br, +NaOH——-+NaBr +NaBrO, + H,O 
(vii) HI+H,SO,—-l, + SO; +H,O 
(vii) NaClO, + Cl,—-+>NaCl+ CIO, 
(x) Na+H,O——>NaOH +H, 


Following reactions occurs at the electrodes. 
At Anode 2H;O(, —> Os + 4Ha +46 


2(9) 


reactions. Give reason. 


i) — Cu, HCl. — 

il) Mg, + CrCl; AT 
ill) NiO.) +g) aa 

M) Cd, + CuSO,,; —> 


Justify that photosynthesis in plants is a redox reaction. 
6CO, + 6H,O —2'e*?v >C H,O; + 6CO; 


14. Calculate the mass of Cu and O, produced by the electrolysis of CuSO, solution on 
passing 5.0 amperes of current for 2 hrs. What would'be the volume of O, at S.T.P.? 


AtCathode Cuz, +2e ——>Cu,,) (Ans: 11.184g, 2.08dm3) 
15. Use the activity series of metals to predict the products of following single replacement 


O O oO 
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Absolute Temperature: The temperature measured on absolute or Kelvin (K) scale is calleg Absolut 
Temperature. k S 
Absolute or Kelvin Temperature Scale: The temperature scale at which -273.15°C is the star; 
of the scale is called Absolute Temperature Scale. 

Absolute Zero: is called absolute zein. 

Absorption: Dispersal of molecules of one substance through the body of another substance i 
Absorption. E 

Actual Yield: The amount of product obtained in a reaction is called actual yield. 

Active Mass: Molecular or lonic concentration measured in gram — molecules (Moles) per Cubic 
decimetre is called Active Mass. 

Adhesion: Attractive force between different kinds of molecules is called Adhesion e.g. Adhesion 
between water and ethanol molecules. 

Adiabatic Change: A change in which no heat enters or leaves the system is called Adiabatic Change 
(or system). 

Acid: A substance which is capable of forming hydronium ion when dissolved in water is called an Acid 
Accepter Atom: An atom which is capable of accepting an electron pair from a donor atom to form co- 
ordinate bond is called an Acceptor Atom. 

Acid-Base Indicator: A substance (a weak acid or a weak-base) which has a different colour in acid or 
base solution is called Acid-Base Indicator e.g. methyl arrange red at pH and changes to yellow at pH 
4.4. : 

Allotropy: The phenomenon in which an element-exists in more than one crystalline forms is called 
Allotropy 

Amorphous Solid: The solids which do not'show definite geometric shape are called Amorphous Solids 
e.g. glass. 

Amphoteric Substances: The substance which shows acidic as well as basic properties are called 
Amphoteric Substances e.g. zinc oxide. 

Ampere: The current which liberates 0.001118 gm of silver or 0.000 3295 gram of copper metal per 
second from the solutions of these ions as a result of electrolysis is called Ampere. 

Anisotropy: The substances which show different intensity of properties in different directions are caled 
Anisotrope and the property as Anisotropy. z 

Angstrom Unit (10° cm): A unit used to express wavelength of light in the visible and ultraviolet regions 
is called Angstrom Unit. 

Anions: The ions which collect at the anode are called Ani 
e.g. CI“, Br' etc. 

Anode: The electrodes by which the electrons leave the 
positive side of the battery. 

Atomic Number: The number of protons in the nucleus 
e.g. Atomic number of Nitrogen = 7. 

Atomic Redius: The energy region at which the 
called an Atomic Orbital e.g. s, p, d, f. 

Atomic Radio: Half of the closest distance of a 
Atomic Radious. 

Angular Momentum: It is defined as the momentum 
as m.v.r; Where m = mass, v = linear velocity, 
his atomic theory. 


NG point 


S called 


ons. They have negative charge upon them 
solution is called Anode. It is connected t0 h° 
of an atom of an element is called Atomic Numb? 
probability of finding the electron density is maximum 1 
pproach of atoms in the structure of the element is cale 
ed 


i ress 
measured in the radius of an atom. It is ou in 
r = radius of the atom. Bohr used angular mome 


A 
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u's Principle: According to it, the electrons are placed in energy sub-levels (s, p, d, f) in the order 
asing energy values. The filling of orbitals is governed by the rule (n + |), where n is the Principle 
imber and |, the Azimuthal Quantum Number. It states that an added electron will always 
| with lower n + | value. But if the sum of n + | are equal, then the electron will be added with 


of incre: 
Quantum Nu 
enter the leve 


«ower n value. ; 
‘Avogadro’s number: The number of particles present in mole of a substance is called Avogadro's 


number. It numerically equal to 6.02 .. 10? particles. 

Avogadro's Law: It states that equal volumes of all gases must contain equal number of molecules 
under similar conditions of temperature and pressure. It has been calculated that 22.4 dm? of any gas at 
ST.P contain 6.02 x 10? molecules. More over 22.4 dm? of any gas at S.T.P has a mass equal to one 
mole. 

Azimuthal Quantum Number (/): The quantum number which describes the shape of an orbital is called 
Azimuthal Quantum Number (/). 

Azeotropic Mixture: The liquid mixtures which distil over without change in composition are called 
Azeotropic mixtures. 

Base: A substance which in aqueous solution 

Base lonization Constant: The equilibrium constant when a base reacts with water is called Base 
lonisation constant. 

Bond: When atoms combine together to give molecules, they do so with:the help of certain attractive 
forces. The binding of the atoms together with the help of attractive forces is called a Bond. 

Bond Angle: The angle between adjacent chemical bonds is called Bond angle e.g. the bond angle in a 
triangular geometry is 120, and that having a tetrahedral geometry is 109.5*C. 

Bond Axis: A line joining the nuclei of two bonded atoms is called Bond Axis. 

Bond Dissociation Energy: The amount of energy required to break all bonds in one mole of a 
Substance is called Bond Dissociation Energy. 

Bonding Molecular Orbital: The orbital formed having lower energy than the constituent atomic orbital 
is called Bonding Molecular Orbital or o — orbital It is stable due to its lower energy. 

Bond Order: Number of electron pairs in Bonding Molecular Orbital minus the electron pairs in anti- 
ore molecular orbital is called Bond Order e.g. In Nitrogen, the Bond Order is three 
3-0) = 3, 

pw Length: The distance between the nuclei of two atoms forming a covalent bond is called Bond 
, -ength, 

Born - Haber Cycle: A thermódynamic cycle derived by the application of Hess's Law is called Born — 
aber Cycle. It is used to calculate the Lattice Energies of lonic solids e.g. NaCl. i 

yle's Law: Temperature remaining constant, the volume of a given mass of a gas is inversely 


Proportional to the pressure. pA 
ling Point: The temperature at which the vapour pressure of a liquid becomes equal to the 


Boji oere pressure is called Boiling Point of the liquid. í 
iling Point Elevation Constant (Kb): When one mole of a non-volatile solute (e.g. 58.5 g. NaCl) is 
dissolveg in one kilogram of solvent (H20), the B.P. is raised to 0.52°C (i.e. 100°C is elevated to 
E 2*C). This value is known as Boiling Point Elevation constant (Kb). : 

Onsteg — Lowry Acid — Base Theory: A Bronsted acid is a proton donor while a Bronsted base is a 
388 accepter. 
a Hu Solutions: Those solutions which resi 
ma Se is added to them, are called Buffer So 
Y be of two types. 


ist the change in their pH when a small amount of an acid 
lutions. They have a specific constant value of pH. These 
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x mam Glossary 


Calorie: The amount of heat required to raise the temperature of one gram of water through one degree 
centigrade is called Calorie. 4 4 

Calorimetry: It is the science of measuring the heat of chemical reaction by measuring the temperature 
change. An instrument measuring the heat flow is called calorimeter. s 

Cathode: The electrode by which the electrons enter the solution is called Cathode. It is Connected to 
the negative side of the battery. A. 

Cations: The ions which collect at the cathode are called Cations. They have positive charge Upon them 
e.g. Na*! etc. ; 

Catalyst: A substance which changes the rate of chemical reaction but remains unchanged at the end 
of the reaction is called Catalyst 

Catalysis: The process which takes place in the presence of a catalyst is called catalysis. 

Canal Rays: Positively charged ions produced in a gas discharge and pass through canals (specially 
based hols) in the cathode are called canal rays. 

Chemical Equilibrium: A Stage at which the rate of forward reaction becomes equal to the rate of 
backward reaction is called Equilibrium stage and the phenomena as chemical Equilibrium. 

Chemical Kinetics: The Study of rates of chemical reactions and the factors that affect the rates of 
chemical reactions is known as Chemical Kinetics. 

Cell: A device used as a source of electrical energy is called Electro Chemical Cell. 

Cohesion: The forces of attraction between Similar types of molecules are called cohesive forces and 
the phenomena as Cohesion. 

Common ion Effect: The degree of ionization f an electrolyte is suppressed by the addition of another 
electrolyte containing a common ion is called ommon ion Effect. 

Concentration: The amount of one substance in a definite quantity of another under specified conditions 
is called Concentration. 
Concentration Unit: The units, which completely-describe solution, are call 
Molarity, Molality, Mole fraction etc. v 
Conduction: The passage of electric current throu 
etc. are good conductors. 

Coulomb (C): The unit of electric charge is called Coulo 
a current of one ampere flows for one second is called C. 
Corrosion: The natural process in which refined metals 
Corrosion. e.g. Rusting of iron: 

Colligative Properties: Thé'properties of solution that 
molecules are cálled Colligative Properties. 
Colloids: A heterogeneous mixture of tiny particles of 
Colloidal dispersion or a Colloid. The particles are c; 
Dispersion medium e.g. smoke, fog, mist, foam etc. 
Crystal: A solid having special geometric sha 


led Concentration Units. e.g. 
gh good conductor is called conduction e.g. Cu, Al 


mb. The amount of electricity transferred when 
‘Oulomb. It is the charge on 6.25 x 108 electrons. 
are converted to the stable metal oxides is called 


depend upon the number of solute and solvent 


à substance dispersed through a medium is called 
alled Colloidal particles and the medium is called 


Covalent Crystals: The crystalline solids in Which atoms of Similar or dissimilar elements are held 


together in a network of single covalent bonds are called covalent c 'stals iamond, graphite. 
Conjugate Acids and; Bases: The conjugate base of are orator. 9 


after donation of a proton from the acid. A conjugate aci 
acceptance of proton by a base. 
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+s Law of Partial Pressure: The total pressure (P) exerted by a mixture of non-reacting gases is 
Dd the sum of partial pressure of the components of gas mixture 
equal Call: A cell in which a redox (oxidation — reduction) reaction produces an electric current is known 
| ic Cell. It may also be called a Daniel Cell. 
as Galvanic ints Wh 2 j 
pression of Freezing Point: en a solute is added to the pure solvent, the F.P of the solvent is 
Prae The depression caused by one mole of solute in one dm? of solvent is called Molar F.P 
constant known as kJ. e.g. It is 1.86 for water. 
Diamond: A crystalline form of carbon which is non-conductor in nature is called Diamond. In a crystal 
of diamond every C-atom is linked tetrahedrally with other four carbon atoms. 
Diamagnetic Substance: These substances, which are not deflected in the magnetic field, are called 
Diamagnetic Substances and the phenomena as Diamagnetism. 
Diaphragm Cell: A cell for electrolysis of brine (sodium chloride solution) in which the anode and cathode 
compartments are separated by a diaphragm is called Diaphragm Cell. 
Diffusion: The tendency of molecules of a gas to intermingle with another gas is called Diffusion. 
Dipole: Two equal electric charges of opposite sign separated by a small distance is called Dipole. 
Dipole Moments: It is defined as the product of charge and the distance between the nuclei of positive 
and negative centres present in a compound. 
Dissociation: The process in which a molecule splits up into simper parts'by virtue of heating or passing 
electric current is called Dissociation. 
Discharge Tube: A vessel made up of glass containing two metal «electrodes is called Discharge Tube. 
Distillation: The conversion of a liquid into vapours and vapours back into liquid by decreasing 
temperature is called distillation. 
Dry Cell: A cell containing no free liquid electrolyte is called Dry Cell. 
Elastic Collision:The collision in which gain or loss oftenergy is zero is called Elastic Collision. Here 
the average K.E remains the same. 
Effusion:The movement of gaseous molecules through an extremely small opening into a region of low * 
pressure is called Effusion. 
Electrode: Conductor by which electric current passes into or out of a liquid is called Electrode. 
Electrode Potential (E): The potential set'up when an electrode is in contact with one molar solution of 
its ions.at 298 K is called standard electron potential or single Electrode Potential. 
Electro Chemical Cell: It is a system consisting of electrodes that dip into an electrolyte and in Which a ` 
Chemical reaction generates current. e.g. Down's Cell, Nelson's Cell. 
Electro Chemical Series: When elements are arranged in order of their standard electrode potentials, 
the resulting list is known as Electro Chemical Series. 
Electro Chemistry: The study of the conversion of electrical energy into chemical energy in electrolytic 
cell (Galvanic or voltaic) is called Electro Chemistry. 
Electrolysis: It is a process in which the passage of electric current takes place through a solution or 
Sed states of electrolytes to provide sufficient energy in electrolytic cell. 
Electrolyte: A compound which can conduct electricity in the solution or molten state with chemical 
decomposition is called an electrolyte e.g. NaCl solution. 
Electron: The fundamental particle which revolves around the nucleus having negative charge is called 
3n electron, 
lectro negativity (E.N): The power of an element to attract the shared electron pair towards itself is 


talled E.N; e.g, E.N of F = 4, Cs = 0.07. : 1 
Electron Affinity: The-amount of energy released when an isolated gaseous electron is added to an 


atom to forma uni-negative ion is called Electron Affinity. 
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Electrovalent Bond (or lonic Bond): A bond formed due to the transference of electron from one 
element to the other is called electrovalent bond. 
Electroplating: The deposition of metals from solution in the form of a layer on other metals through 
electrolysis is called Electroplating. 
Electromotive Force (E.M.F): The electric current produced as a result of flow of electrons from anode 
1o cathode in an electrochemical cell is called Electromotive Force. It is measured in volts. 
Energy Levels (Orbit): The circular path of an electron around the nucleus is called Energy Level eg. 
K, L, M, N. It is shown by n. T 
Energy Sub-level (Orbital): The space or region around the nucleus where probability of finding the 
electron density is maximum is called Energy sub-level (or orbital) It is shown by I. e.g. S, p, d, f etc. 
Empirical Formula: The simplest whole number ratio between the atoms in a compound is called 
Empirical Formula (E.F.). t 
Endothermic reactions: The reactions in which heat is absorbed are called Endothermic reactions. 
Exothermic reactions: The reactions in which heat is given out are called Exothermic reactions 
Enthalpy (H): It is a thermodynamic state function which is equal to the sum of internal energy (E) and 
the product of Volume and Pressure. H = E + PV. 
Evaporation: A process in which liquid molecules escape into the gaseous state at a particular 
temperature is called Evaporation. 
Faraday's Laws of Electrolysis: These are of two types. 
First Law of Electrolysis: It states that “the amount of chemical réaction taking place at an electrode is 
directly proportional to the quantity of charge that flows through the electrodes during the process. 
Second Law of Electrolysis: It states that "if the same quantity of electric current is passed through 
different electrolytes, the amounts deposited at the electrodes are directly proportional to the gram 
equivalent of the elements." 

1 F (Faraday) = 96500 C (Coulombs) 
Ferromagnetism: The elements which can be strongly magnetised by an applied 
magnetic elements and the Phenomena as Ferromagnetism. 
Fractional Crystallisation: The method of separation of a mixture of dissolved substances based on 
their different solubility is called fractional crystallisation. The least soluble substance crystallises out first 
and is removed. The process is repeated until a pure Product is obtained. A 
Fractional Distillation: The method of separation of a mixture of liquids based on their different Boiling 
Points is called Fractional Distillation. A liquid with lower B.P. distils off first. 
Freezing mixture: A mixture used for small-scale refrigeration Consisting of salt, ice and water which 
freezes below zero °C is called Freezing mixture. 
Fuel Cells: A cell, similar to a Galvanic Cell, which generates electricity directly by the electrochemical 
conversion of gaseous or liquids fuels fed to the cell 


aS required is called Fuel Cell. It is based upon the 
reaction between oxygen and a gaseous Fuel Hydrogen or methane. 


Fundamental Particles: (elementary particles). The term applied to parti n implest 
i cles believed to be the simp 
form of matter are called Fundamental Particles, e.g. electron, xd GENES 


Galvanising: The coating of steel with Zinc for. protection Purposes by dipping it into molten Zinc is called 
Galvanising. 

Gas Laws: The laws which describe the behaviour of 
Charles Law etc. 


Graham's Law of Diffusion: It states that the rates at Which two gases diffuse are inve rsely 


field are called Ferro- 


gases are called Gas Law. e.g. Boyle's L2 


proportional to the square root their densities, i.e. Rate oc 1 


a 


density 
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ite: The natural crystalline allotropic form of carbon having parallel sheets of regular 
ns is called Graphite. It is conductor in nature and may be used as moderator in nuclear 


hexago 
reactors. 


Glass: A super cooled liquid consisting of silicates of calcium, sodium and other metals is called 


malt (Period of decay): Time taken for the activity of a radio Active element to decay to half 
fits original value is called Half-life. 
Hoisenburg's Uncertainty Principle: For small particles which possess both wave and particle 
perties, it is impossible to determine accurately both the position and momentum. 
The Law of Constant Heat Summation: If a chemical reaction occurs in more than one steps, the overall 
energy is the same regardless of the route by which the chemical change takes place. 
Heat Capacity: The amount of heat (calories) required to raise the temperature of given amount of a 
substance by one °C is called Heat Capacity. 
Heat of Reaction: The amount of heat given out or absorbed during a chemical reaction is called Heat 
of reaction. 
Heat Content (Enthalpy): The sum of internal energy (E) and product of pressure & volume is called 
Enthalpy H=E+PV 
Enthalpy of Atomisation: The amount of heat required to convert a molecular element into its atomic 
state is called Heat of Atomisation. 
Enthalpy of Formation: The amount of heat given out when one'mole of a compound is formed from 
the reactants is called Heat of formation. 
Heat of Neutralisation: The amount of heat given out when one mole of H*' ions from an acid react with 
, one mole of OH“ ions from a base to form one mole of water is called Heat of Neutralisation. 
Heat of Combustion; The amount of heat given out when the reactants are completely burnt to give 
products is called Heat of Combustion. 
99. C,H,OH + 30, > 2CO, +3H,Q*~ AH = -1368 kJ/mole 


Heat of Solution: The amount of heat absorbed or evolved when one mole of a substance is dissolved 

"80 much solvent that dilution results in no detectable heat change is called Heat of Solution. 

Hydrogen Bonding:-The interaction between positively charged hydrogen and an electronegative 

Slement is called Hydrogen Bonding. h ] 
ybridisation: The mixing of atomic orbitals having similar or dissimilar energies to give a hybrid orbit is 
led Hybridisation e.g. sp?, sp? etc. 

ntramolecular Forces: The forces of attraction existing with in the molecules of a substances are called 

molecular Forces. 

w Gas: A gas that obeys the Gas Law at all temperature and Pressure is called an Ideal Gas. 

B Solution: A solution in which the attractions between the solute and solvent molecules are equal 

bo: attractions between solute — solute and solvent — solvent molecules is called Ideal Solution. 

ee Energy: The amount of energy required to remove the most loosely bonded electron from an 

in tina element in the gaseous state is called lonization Energy or lonization Potential. It is expressed 

ES "molecular Forces: The forces of attractions between the molecules of a substance or substances 


ed Interm, 
lot, ermolecular forces. 
tone: : a : " 
isotop ` iNe atoms of an element having same atomic number but different atomic masses are called 


tator Substances which indicates the stage at which a chemical reaction ends is called Indicator. It 
End point of a chemical reaction e.g. Phenolphthalein, methyl orange etc. 
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lon: Atom which can lose or gain electron resulting in the formation of positive or negative Charge is 
called as ion: : 

Isotopic Mass: Mass of an atom of a particular isotope of an element as compared with the mass of 
carbon taken as 12 (standard) is called Isotopic mass . 

Joule: It is the unit of work equal to 107 ergs and 4.185 joules = 1 calorie. 

Joule-Thomson Effect: When a highly compressed gas is allowed to escape out through a throttle (a 
very small hole), the temperature of the gas falls to such an extent that it changes into the liquid form, 
Kinetic Molecular Theory: The behaviour and properties of gases explained due to the motion of the 
gases is called Kinetic Molecular Theory. j 

Liquefaction of Gases: The conversion of a gas into the liquid form with the help of Joule-Thomson 
effect is called Liquefaction of Gases. xd 

Lone Pair: A non-bonded electron pair which can be donated to electron deficient molecules is calleg 
Lone Pair. 

Latent Heat of Fusion: The amount of heat absorbed when one mole of a solid is converted to liquid at 
its Melting Point is called Laterit Heat of Fusion. 

Latent Heat of Vaporizations: The amount of heat absorbed when one:médle of a liquid is converted to 
a gas at its Boiling Point is called Latent Heat of Vaporization. 

Lattice: The regular three-dimensional array (arrangement) of atoms in a crystal is called Lattice 
Lattice Energy: The energy required to break down one mole of'an ionic solid into its constituents in the 
gaseous state is called Lattice Energy. 

Law of Mass Action: It states that the rate of chemical.feaction is directly proportional to the molar 
concentration or (active masses) of reactants. 

Le-Chatelier's Principle: If a stress (temperature, Pressure etc) is applied to a system in equilibrium, 
then the system reacts in such a way that as to counter acts the effect of the stress. 


Limiting reactant: The reactant which gives the least number of moles of products is called Limiting 
reactant. 


Liquid Crystals: The substances flowingjlike a liquid and behave | 
temperature range is called Liquid Crystals. 
Macromolecule: The molecules having higher molecular wei 
Macromolecules e.g. Proteins etc. 

Magnetic Quantum Number; The quantum number which 
magnetic field is called Magnetic Quantum Number (m). 
Mass Spectrometer: An instrument used to measure the rel; 
called Mass Spectrometer. 

Mass Spectrum: The results obtained from a mass s, 
spectrum). They consist of a series of lines of varyin 


ike a crystal (solid) within a certain 
ights usually greater than 10,000 are called 
can explain the effect of an orbital in the 
ative abundance of isotopes of elements is 


pectrometer are called Mass Spectra (plural of 
g intensity at different (=) ratios. These lines 
correspond to different isotopes. 2 
Mean Free Path: The average distance travelled b 
called Mean Free Path. 

bap = at which the solid changes into; the liquid form at a specified pressure is 
Molarity (M): The number of moles of solute per. dm? of solution is called Molarity. 


Mole: The quality of a substance which contains one gram mol f is called 
lecular weight of a substance i 
Mole. One mole of any substance contains 6.023 10?* moleci i is cà 

$ ul mber is 
Avogadro's number. es or atoms. This nu 
Molar Heat: The amount of heat required to raise t 
1°C is called Molar Heat. 


Y a molecule between two successive collisions '§ 


h 
he temperature of one mole of a substance throu 


Pp 
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lecules: The smallest particle of a substance which can exist i 

po Molecule. on 
ntum: The product of mass and velocity is called Momentum (MV). 
Mole Fraction: It is defined as the number of moles of a Substance divided by the sum of moles of all 
ces. 

Ear omita The orbital obtained b 
dissimilar) is called Molecular Orbital. 
Natural Gas: Gas obtained from underground accumulation which may or may not be directly associated 
with crude oil. It contains about 95 percent methane. 
Neutron: A neutral fundamental particle in the nucleus of an atom is called neutron. 
Noble Gases: The gases which have complete Octet (duplet in case of 
Non-Polar molecules: The molecules whi 
molecules. e.g. CCl4 (carbon tetrachloride), 
Nucleus; Central heavy Positively charged 
Nucleus. It consists of protons and neutrons. 


Newton: The force which when applied to a mass of 1 
the line of action of the force is called Newton. 
Nuclear Charge: The charge on the nucleus of an atom is called Nuclear Charge. 


Nuclear reaction: Reaction involving a change in the nucleus of an'atom is called Nuclear reaction. Such 
reactions occur naturally in radioactive elements, and artificiallyas ‘a result of bombardment of atoms by 
high-energy atomic particles e.g. protons, neutrons etc. 

Order of reaction: The sum of all th 
called order of reaction 

Osmosis: The passage of solvent (not the solute) through a semi- 


permeable membrane is called 
osmosis. A similar flow is observed when twoy solutions of different potential (concentrations) are 
Separated by a semi-permeable membrane. 


Osmotic Pressure: The excess hydrostatic pressure which must be a, 
the process of osmosis is called osmotic pressure. 
Oxidation: The Process in which loss.ofelectron or electrons takes place in a chemical reaction is called 
Oxidation. 
Oxidising agent: A material which brings about oxidation and in the process is itself reduced is called 
Oxidising agent. 
Ozone: This is an allotrope of oxygen (Os). d 4 I 
Oxidation Number: It is defined as an apparent charge, positive or negative which an element would 
ave in a compound or ion is called oxidation number 

’ramagnetism: The substances which can be deflected in the magnetic field are called Paramagnetic 
Substances and the phenomena as paramagnatism. It is associated with the presence of unpaired 
electrons in an atom. - at 

asma: It is a substance in which many of the atoms or molecules are ionised effectivel 
arges to flow freely. It is composed of neutral particles, positive ions and negative electrons 
oise: The unit of coefficient of viscosity measured in grams cm“ s* is called Poise. 

Olar molecules: The molecules having both partial negative and positive charges are called Polar 
Molecules 
OSitron (e*): A particle having the mass of an electron but possesses positive charge is called Positron, 
Pressure: The force per unit is called Pressure 


Independently as a separate particle is 


y the linear combination of two atomic orbitals (similar or 


?He) are called Noble Gases. 
ch have zero dipole-movement are called Non-Polar 


Part of the atom around which the electron moves is called 


kg would result in am@eceleration of Ims" along 


e exponents of the molar concentration terms in the rate equation is 


pplied in order to counterbalance 


y allowing 
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RET. n oa: 
— he nucleus of the atom carrying positive electrica, 
o that of an electron. Its unit mass is 1.672 y 49. 


Proton (Nucleus of a hydrogen atom): The particle in t 
charge is called Proton. A proton is equal in magnitude t 
Mig: i is called Pol 

S his: The substance existing in more than one crystalline forms ymorphous 
substance and the phenomena as Polymorphism. 
Quantum Number: A set of integral numbers which d 
arrangement is called Quantum Number ; 
Radiation: It is a general term of energy emitted in the form of REDE E Waves. 

lon: An atom Na group of atoms having positive or negative charge is ca m : 

Radical: An atom or group of atoms having an unpaired electrons e.g. Cl, CH». ddition of el 
Reduction: A chemical process in which the oxidation number is lowered by the addition of electron or 
electrons is called Reduction. aap m 1 
Reducing agent: A material which brings about reduction and in the process is itself oxidised is called 
reducing agent 

Reversible Reactions: The reactions which proceed in both the directions are called reversible 
reactions. 

Raoult's Law: It states “when a solute (non-volatile non-electrolyte) is dissolved in a solvent (non-volatile 
non-electrolyte) the vapour pressure of the solvent is decreased". The decrease in V.P is directly 
proportional to the mole fraction of solute present. 

Rate of reaction: The change in concentrations of reactants or products per unit time is called Rate of 
reaction. 

Solute: The substances which are in smaller quantities in a binary solution is called Solute. 

Solvent: The substances present in larger quantities in.a binary solution are called solvent. 

Solution: A homogeneous mixture of two or more;pure substances which has uniform composition 
throughout is called solution. 
Saturated Solution: The solution which can exist in e 
Solution. 

Crystal: A crystal is a solid having special geometric shape in which atoms, molecules or ions have a 
characteristic, regular and three dimensional arrangement 


Super saturated solution: A solution which contains more sol i à 
ute tl led 
Super saturated solution. P : han required for saturation is cal 


efine the energy state of an electron in an atomic 


quilibrium with excess solute is called Saturated 


ct of the P 
concentration of cations and anion of an a Ue lt is defined as the product of molar 


s PS Of a solid int 
is called Sublimation. 9 the gaseous form Without its conversion to liquid f?" 
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Tension: The force in dynes acting at right angle on a unit length of surface of a liquid is called 
EE Tension: It may also be defined as the amount of energy required to expand the surface of a 
io by a unit area. : — ; 
Piero chemistry: The branch of chemistry dealing with heat changes during chemical reactions is 
called Thermo-chemistry. i . i 
Transition Temperature: The temperature at which more than one form of a given substance can exist 
in equilibrium is called Transition Temperature. 
Theoretical Yield: The quantity of product calculated to result from given quantities of initial reactants is 
called Theoretical Yield of a reaction. 
Translational Energy: The motion imparted to the gaseous molecules due to their transitional motion in 
all possible directions is called Translational Motion and the energy as Translational Energy. 
Unit Cell: The smallest unit of volume of a crystal which shows all the properties of its pattern is called a 
Unit Cell. This is a basic structural unit of a crystal. 
Van der Waal’s Forces: The attractive forces existing between atoms or molecules (similar or dissimilar) 
when brought together are called Van der Waal's forces. These are quite weak forces. 
Vapour Pressure: The pressure exerted by vapours in equilibrium with itsliquid stale is called Vapour 
Pressure at a given temperature. 
Vibrational Energy: The motion imparted to the gaseous molecules due to oscillation is called 
Vibrational motion and the energy as Kinetic Vibrational Energy. 
Viscosity: The internal resistance to the flow of a liquid is called Viscosity. It is shown by 1(Eta). Its unit 
is poise, 
Volt: The practical unit of potential difference and electromotive force is called Volt. One volt produces a 
current of one ampere through a resistance of one ohm. 
Wave number: The number of waves per unit length is called Wave number. It is the reciprocal of 
frequency, 
Water of Crystallisation: Definite numberof molecules of water associated with a molecule of a 
Substance in Crystalline form is called water of crystallisation. 
X-rays: The electromagnetic radiations with wave length between 0.1A and 100A are called X- 


rays. They 
&re produced when high energy electrons strike a suitable target material. 
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